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0 RNA catalyst for cteaving specific RNA sequences. 

® A synthetic RNA catalyst capable of cleaving an RNA substrate, the catalyst comprising a substrate binding 

a portion and a "hairpin" portion. The Invention also provides an engineered DNA molecule and a vector, each 
comprising a DNA sequence coding for an RNA catalyst according to the invention. The invention further 
IS, comprises host celts transformed with the vectors of the invention which are capable of expressing tiie RNA 
W substrate. Finally, the invention provides a method of cleaving an RNA substrate which comprises contacting the 
*^ substrate with a synthetic RNA catalyst according to tiie Invention. 
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RNA CATALYST FOR CLBAVINQ SPECIFIC RNA SEQUENCES 

This application Is a continuation-in-part of application Serial No. 07/247.100 filed September 20, 1988 
tfie disclosure of which is incorporated herein by reference. 
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The present invention relates to an RNA catalyst which cleaves specific RNA sequences into a fragment 
having a 5 hydroxyl and a fragment having a 2'.3' cyclic phosphate. The products of the reaction 
described herein resemble those resulting from the natural hydrolysis of RNA. 



BACKGROUND OF THE INVENTION 

Certain naturally occurring satellite, virusold and vliold RNAs possess the property of self-catalyzed 
cleavage. Self-cleavage has been demonstrated In vitto for avocado sunblotch vitoid (ASBV) (Hutchins C 
J.. Rathien, P. D.. Forster. A. C. and Symons. rTh. (1988) Nucleic Adds Res.. 14: 3627-3840). satellite 
RNA from tobacco ringspot virus (sTRSV) (Prody. G. A.. BakoiHTT:. HSiyiHTj. M.. Schneider. I. R. and 
Bruening. G. (1986) Science . 1577-1580; Buzayan. J. M.. Qerlach. W. L. and Bmenlng. Q. B. (1988) 
Proc. Natl. Acad. Sci. U.S.A. M: 8859-8882) and lucerne transient streak virus (vLTSV) (Forster. A C and 
m Symons. R. H. (1987) Cell. 49: 

211-220). These self-catalyzed RNA cleavage reactions share a requirement for divalent metal ions and 
neutral or higher pH and cleave target RNA sequences to give s' hydroxyl and 2'.3'-cyclic phosphate 
tennini (Prody. Q. A.. Bakos, J. T.. Buzayan. J. M., Schneider, I. R. and Bruening, Q. (1888) Science 231- 
1577-1580: Forster. A C. and Symons. R. H. (1987) Cell. 49: 211-220: Epstein, L IW. and Gal l. J. 6. ( 1987) 
as Cell. 48: 535-543; Buzayan, J. M. Gerlach. W. L, Bnjening. G. B.. Keese. P. and Gould. A. R (1988) 
Vinalogy . 151 ; 186-199). 

A "hammerhead" model has been proposed and accurately describes the catalytic center of ( + )sTRSV 
RNA, the ( + ) and (-) strands of ASBV and the (+) and (-) strands of vLTSV (Forster, A. C. and Symons. R. 
H. (1987) Cell. 4&: 211-220). The single exception Is {-)sTRSV RNA which does not fit the "hammerhead" 
30 model(Forster. A. C. and Symons. R.H. (1987) Cell..4Q: 

211-220; Buzayan, J. M., Geriach, W. L and BnjenFg. Q. (1988) Nature . 323: 349-352; Buzayan, J M 
Hampel. A and Bruening. G. B. (1988) Nucleic Acids Res. . 14: 9729:9743Tand the stnjcture of whose 
catalytic center was unknown prior to the present invention. It is therefore understandable that the primary 
scientific focus has been on studying the "hammerhead" consensus stmcture and. as regards sTRSV on 
35 studying the ( + ) strand. 

Intermolecular cleavage of an RNA substrate by an RNA catalyst that fits the "hammerhead" model was 
first shown in 1987 (Uhlenbeck, 0. C. (1987) Nature, 328; 596-600). The RNA catalyst was recovered and 
reacted with multiple RNA molecules, demonstrating thaTTt was truly catalytic. 

Catalytic RNAs designed based on the "hammerhead" motif has been used to cleave specific target 
sequences by making appropriate base changes in the catalytic RNA to maintain necessary base pairing 
with the target sequences (Haseloff and Gerlach, Nature . 334, 585 (1988); Walbot and Bruening. Nature. 
334. 196 (1988); Uhlenbeck. 0. C. (1987) Nature . 328: 596-600; Koizumi. M.. Iwai. S. and Ohtsuka. E.lig88) 
FEBS Lett. 228; 228-230). This has allowed use of the catalytic RNA to cleave specific target sequences 
and indicates that catalytic RNAs designed according to the "hammerhead" model may possibly cleave 
specific substrate RNAs in vivo, (see Hasetoff and Gerlach, Nature , 334. 585 (1988): Walbot and Bruening, 
Nature , 334. 196 (1888); Uhlenbeck, 0. C. (1987) Nature , 328T596^or 

However, catalytic RNAs such as these that were designed based on the "hammerhaad" model have 
several limitations which restrict their use jn vitro and may forestall their use in vivo. For example, the 
temperature optimum for the reaction is 50-55 C, which is well above physiologicai,"and the kcat (turnover 
so number) is only 0.5/min even at 55' C (Uhlenbeck, 0. C. (1987) Nature . 328:598-600; Haseloff and Gerlach, 
Nature . 334 . 58S (1988)). In addition, the Km is 0.6uM (Uhlenbeck, 0. C. (1987) Nature , 328:596-600) 
meaning that the reaction requires high concentrations of substrate which makeTTdlfficult. if not 
impossible, for the catalytic RNA to cleave low levels of target RNA substrate such as would be 
encountered in vivo. 

Cech et aE published application WO 88/04300 also reports the preparation and use of certain synthetic 
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ribozymes that have several activities, including endoribonucisase activity. The design of these ribozymes 
is based on the properties of the Tetrahymena ribosomal RNA self-splicing reaction. A temperature 
optimum of SO^'C is reported (pages 37 and 39) for the endoribonuclease actvity, and the Km and kcat 
reported for this activity were CSuM and O.l3/minut0, respectively (page 44). 

5 In view of the above, there is a need for an RNA catalyst having a lower temperature optimum, 
preferably near physiological temperatures, a higher turnover number and a smaller Km and which can be 
engineered to cut specific target RNA substrates. Accordingly, based on tlie discovery of a totally different 
structure disclosed hereinafter, it is an object of the present invention to provide such an RNA catalyst. 
Other objects and features of the invention will be in part apparent and in part pointed out. The invention 

10 accordingly comprises the products and methods hereinafter described and their equivalents, the scope of 
the invention being indicated in the appended claims. 



SUMfVIARY OF THE INVENTION 

75 

The invention comprises a synthetic RNA catalyst capable of cleavfng an RNA substrate which contains 
the sequence: 
s'-Fi-CS-Fa-a', 
wherein, 

30 CS is a cleavage sequence; and 

Fi and Fa each is a sequence of bases flanldng the cleavage sequence. 

The catalyst comprises a substrate binding portion and a '^hairpin" portion. The substrate binding 

portion of the catalyst has the sequence: 

3'-F*'Li-F3-5' 
25 wherein. 

Fa is a sequence of bases selected so that Fa is substantially base paired with F2 when the catalyst is 
bound to the substrate; 

Fi is a sequence of bases selected so that Fi is substantially base paired with Fi when the catalyst is 
bound to the substrate; 

30 the sequences of F3 and Fi being selected so that each contains an adequate number of bases to achieve 
sufficient binding of the RNA substrate to the RNA catalyst so that cleavage of the substrate can take place; 
and 

Li is a sequence of bases selected so that Li does not base pair with OS when the catalyst Is bound to the 
substrate. 

35 The ''hairpin" portion Is a portion of the catalyst that assumes a hairpin-lil<e configuration when the 
substrate-catalyst complex is modeled in two dimensions for minimum energy folding. The ''hairpin" portion 
of the catalyst preferably has the sequence: ^ 



wherein. 

Pi and Pi each is a sequence of bases, the sequences of Pi and Pi being selected so that Pi and Pi are 
substantially base paired; 
Pi is covalently attached to Fi; 
50 Si and Ss each is a sequence of bases, the sequences of Si and 82 being selected so that Si and 82 are 
substantially unpaired; 

?2 and P3 each is a sequence of bases, the sequences of P2 and P3 being selected so that P2 and P3 are 
substantially base paired; and 
Lz is a sequence of unpaired bases. 
55 RNA catalysts according to the invention can cleave substrates of any length or type as long as they 
contain an appropriate cleavage sequence. In particular, ' the catalysts can be used to cleave a specific 
sequence in naturaily-occuring RNA having a cleavage sequence, as well as RNAs which have been 
engineered to contain a cleavage sequence. 
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The invention further connprises an engineered DNA nnolecuie and a vector, each of which comprises a 
DNA sequence that codes for an RNA catalyst according to the invention. The invention also comprises a 
host transformed with the vector, the host being capable of expressing the RNA catalyst. In particular, hosts 
can be transformed with vectors that, when transcribed, will produce RNA catalysts which can cleave any 
5 RNA, native or foreign, found in the host. For example, hosts can be transformed with vectors that, when 
transcribed, produce RNA catalysts which can regulate the expression of genes by cleaving messenger 
RNA or which act as anti-viral agents by cleaving viral RNA. Thus, the invention has application in vitro and 
in vivo in prokaryofes and eukaryotes of plant or animal origin in regulating gene expression and for 
controlling viral infections. . 

10 Finally, the invention includes a method of cleaving an RNA substrate comprising contacting the 
substrate with an RNA catalyst according to the invention. The reaction is unique because it occurs under 
physiological conditions, having a temperature optimum near 37* C, with very favorable reaction param- 
eters. The method can be practiced in vitro or In vivo. For instance, the method may be practiced in vivo in 
host cells that have been transformed with a vector that codes for an RNA cataiyst according to the 

IS invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

P'gure 1 shows the (')sTRSV RNA substrate-catalyst complex that fits the "hairpin" model of catalytic 
RNA in accordance with the present invention. 

Figure 2 shows minimum energy folding of (-jsTRSV RNA. 

Rgure 3 shows the time course of catalysis of a substrate RNA by the catalytic RNA. 
Rgure 4 shows the Michaslis-Menten kinetics of the RNA catalytic reaction. 
25 Rgure 5 shows the temperature dependence of the RNA catalytic reaction. 

Rgure 6 shows the dependence of the rate of reaction on concentration of catalytic RNA. 
Rgure 7 shows the reaction properties of a smaller RNA substrate. 

Rgure 8 shows loss of catalytic activity when the terminal A at position 175 or the temntnal bases AU 
at positions 175 and 176 are removed from the catalytic RNA. 
30 Rgure 9 shows loss of catalytic activity when bases 195-203 in tiie catalytic RNA sequence are 

removed. " 

Rgure 10 shows loss of catalytic activity when bases AAA at positions 203, 202 and 201 are changed 
to CQU respectively. 

Rgures 11A-C show that tiiere is no effect on catalytic activity when base A at position 49 in the 
35 substrate is changed to a Q. U or C. 

Rgure 12 shows that different target RNA sequences can be used as long as the base pairing with 
the catalytic RNA in the regions flanking the cleavage sequence is maintained. 

Rgure 13 shows that an RNA sequence found In tobacco mosaic virus can be cleaved at a specific 
site with tiie catalytic RNA of ttie present invention. 
40 Rgures 14A»C show three substrates having sequences found in the sequence of the messenger 

RNA coding for chloramphenicol acetyl transferase. Figures 14A'C also show tiie separation patterns on 
acrylamide gels of the reaction products obtained by reacting these substrates witii catalytic RNAs 
designed to base pair with tiie substrates in the regions flanking tiie AQUC cleavage sequence. 

Rgure 1 5 shows the sequence of a substrate having a sequence found in the sequence coding for 
45 the gag protein of the HIV-1 virus which causes AIDS. Figure 15 also shows the separation patterns on 
acrylamide gels of the reaction products obtained by reacting this substrate with a catalytic RNA designed 
to base pair with tiie substrate in tiie regions flanking the CGUC cleavage sequence of the substrate. 

Figure 16 shows the sequence of a substrate having a sequence found in tiie sequence coding for 
the regulatory"5t protein of the HIV-1 virus. Rgure 16 also shows the separation patterns on an acrylamide 
50 gel of the reaction products obtained by reacting this substrate with a catalytic RNA designed to base pair 
with the substrate in the regions flanking the UGUC cleavage sequence of tiie substrate. 

Figure 1 7 shows the sequence of a substrate having four non-native U*s added to the 3' end of the 
sequence of the native (-)sTRSV substrate shown in Figure 1 . Figure 1 7 also shows tiie separation patterns 
on an acrylamide gel of the reaction products obtained by reacting this substrate with different concentra- 
55 tions of a catalytic RNA designed to base pair with the substrate in the regions flanking the cleavage 
sequence of tiie substrate, including with the four non-native U's. 

Figure 18 summarizes the sequence requirements for the target region of the substrate RNA. Only 
GUC is required for cleavage. 
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Rgure 19 shows the positions of base changes (open boxes) made in the sequence of the catalytic 
RNA shown irTFigure 1 in order to prove the existence of Helices 3 and 4 predicted by the "hairpin" nnodel 
for {-)sTRSV RNA. Rgure 19 also shows the separation patterns on acrylamide gels of the reaction products 
obtained by reacting the various catalytic RNAs with substrate RNA SI 7. 
5 Rgure 20 shows the RNA sequence of an autocatalytic cassette that has utility in terminating 

transcription afa very specific site. Rgure 20 also shows the separation pattern on an acrylamide gel of the 
reaction products obtained when this catalyst was transcribed and cleaved autocatalyticaily. 

Rgure 21 shows the positions of two base changes that were made in the native (-)5TRSV catalytic 
RNA sequence"shown in Rgure 1 . Rgure 21 also shows the separation patterns on acrylamide gels of the 
•TO reaction products obtained by reacting these catalysts or catalyst R51 (control gel) with substrate SI 7. 

Rgure 22A shows a partial map of plasmid pHC-CAT containing the CAT gene linked to the ''hairpin" 
autocatalytic cassette of the invention. Also shown is the expected RNA transcript of the illustrated region 
and the expected s' fragment of the autocatalytic cleavage. 

Rgure 22B shows the result of Northern blot analysis of RNA produced by host ceils transformed 
75 with pHC-CAT" 

DETAILED DESCRIPTION OF THE DRAWINGS 

Rgure 1. The "hairpin" model for RNA catalysis was developed by determining the minimum energy 
20 ftolding predicted by computer modeling of the catalytic complex containing the minimum size catalytic 
RNA and substrate "RNA of (-)sTRSV RNA. it is this minimum energy folding which is shown in Rgure 1. 
Two molecules are shown folded: (1) catalytic RNA which contains 50 bases of satellite RNA (224-175) and 
(2) substrate RNA which contains 14 bases of satellite RNA (53-40). The anrow represents the site of 
cleavage. 

25 The 50-base catalytic RNA and the 14-base substrate RNA are the "minimum size" in the sense that 
reductions In their length result in a substantial or total loss of catalytic activity as Is shown in the Examples 
below. Thus, this length of (-)sTRSV catalyst sequence Is prefenred to shorter lengths. Also, substrate RNA 
having at least the degree of base-pairing with the catalyst exhibited by the 14-base substrate is prefenred. 
Rgure 2. I^inimum energy folding of (-)sTRSV RNA. The molecule was folded using the Wisconsin 

30 RN/TfoidTng program (Zucker, M. and Sliegler. P. (1981) Nucleic Acids Res.. 9: 133-148; Devereux. J.. 
Haeberli, P. and Smithies, O. (1984) Nucleic Acids Res. , 12: 387-395) with base numbers conresponding to 
(+)sTRSV (Buzayan, J. M.. Qerlach, W. U.. Bruening, Q. B.. Keese, P. and Gould. A. R. (1986) Virology , 
151: 186-199). With this numbering scheme the 5'-3' direction of the molecule is with decreasing base 
number. The minimum catalytic complex is identified. The substrate RNA sequence is between bases 53-40 

OS and the catalytic RNA sequence is between bases 224-175, The an-ow is the site of cleavage. 

The folding identifies regions of expected base pairing and expected non-base pairing, loops. This 
model does not preclude higher order interactions occurring between the loops. 

Rgure 3. Time course of substrate SI 7 cleavage by catalytic RNA R51. The reaction was carried out 
under standard conditions, which were 37* C in ^2^^^M MgCb. 40ml^ Trie pH 7.5 and 2mM spermidine, for 

40 the following times: lane 1. 30 sec; lane 2, 5 min; lane 3. 15 min; lane 4, 30 mln; lane 5, 60 min; lane 6. 90 
min; lane 7, 150 min. Concentrations were as follows: [R51]-0.0032uM and [S17]«0.09ulV1. RNA was 
separated on 7M urea, 20% acrylamide gels, bands cut out and counted In the liquid scintillation counter for 
Rgures 3-17 and 19-21. Throughout the figures, the designations SF and 3'f are the products of cleavage 
of the substrate and represent the resulting 5 fragments and 3 fragments, respectively. 

46 Rgure 4. Eadle Hofstee plot of catalytic RNA R51 cleavage of substrate RNA S17. The reaction was 
carried^"at 37* C in 12mM MgCla. 40mM Tris pH 7.5 and 2mM spermidine. Concentrations were as 
follows: [R51]=5 0.0004uM and [S17]==0.125uM (lane 1), 0.0625uM (lane 2). 0.0417uM (lane 3). 0.031uM 
(lane 4). 0.021 uM (lane 5). 0-01 56uM (lane 6). 0.0078uM (lane 7) and 0,0039ulW (lane 8). 

Rgure 5. Temperature dependence of the rate of cleavage of substrate RNA Si 7 by catalytic RNA R51. 

so The reaction was carried out In 12mfi/l MgCb, 40mM Tris pH 7.5 and 2mM spermidine at 45**C (lane 6), 
41*0 (lane 5). 37 (lane 4). 33 *C (lane 3). 27* C (lane 2) and 20 *C (lane 1). The concentrations used 
were: [R51] = 0.003uM and (S17]=0.09uM. R51 unlabeled. The velocities shown in the graph in Figure 5 
were calculated by the use of time points of 8 and 16 minutes. The separation patterns of the reaction 
products on the acrylamide gel shown in the figure are for the 16-minute time point. 

55 Rgure 6. Rate of cleavage of substrate RNA SI 7 at varying concentrations of catalytic RNA R51. The 
reactiorTwas carried out at 37* C in 12ml^ MgCIa, 40mM Tris pH 7.5 and 2mM spermidine for 40 min (lane 
1 and 2), 20 min (lane 3), 10 min (lane 4) and 5 min (lane 5). The concentration of substrate used was 
0.175uM. 
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Figure 7. Eadie Hofstee plot of catalytic RNA R51 cleavage of substrate RNA S10. The substrate S-10 
containing the RNA sequence. GACAGUCCUG was prepared from a DNA template containing the 7-7 
promoter as described in Exampje 2. This substrate was mixed with the catalytic RNA, R51, from Example 
2 under standard conditions: 37* C in 12mM MgCl2. 40 mM Tris pH 7.5 and 2mM spermidine for 10 min. 
5 Concentrations of substrate used were as follows: O.llSuM, 077uM, 0.038ul^, 0.029ulVl/ 0.014uM, The 
concentration of catalytic RNA, R51, used was InM. The line was fit by linear regression analysis and 
intercept, kcat, and Michaelis constant, Km. calculated. 

Figure 8. Removal of the terminal "A" at position 175 of the catalytic RNA. The "A" at base position 
175 (cIrcledTwas removed and the resulting catalytic RNA. R50, reacted with substrate Si 7. In addition, two 
10 bases were removed, to give R49 which had both A175 and U176 removed. Concentration of substrate S17 
was 0:3uM and all catalytic RNA concentrations were 4nM. The reaction times were 20 min under standard 
conditions. Lane 1 R51/S17; Lane 2 R50/S17; Lane 3 R49/S17; Lane 4 S17 alone. A 75% loss of activity 
was seen with R50 and R49. 

Figure 9. Loss of activity when bases 195-203 in the catalytic RNA sequence are removed. When the 
ts underlined bases were removed and the adjacent bases llgated together, no catalytic activity was seen. 

Figure 10. Loss of activity whea bases AAA at positions 203, 202 and 201 are changed to CGU re 
spectively, When the circled AAA bases were replaced by the underlying s'-CQU-s' bases, no catalytic 
activity was seen. 

Hgure 11A. No effect no activity when base A49 in the substrate is changed to a "G*. The circled "A" 

20 base 49 in the substrate was changed to a "G* and no effect on activity was seen. The concentration of 
R51 was 0.01 BuM. [S17]a0.4uM, and [S17(A->Q)] = 0.2uM. Reaction under standard conditions was for 40 
min. Lane 1 S17; Lane 2 S17/R51; Lane 3 S17(A->G); Lane 4 S17(A->Q)/R51. 

Figure 11B . No effect on activity was seen when base A49 in the substrate was changed to a "U" {S17- 
(A->U)). The concentration of substrate RNA S17(A->U) used was 0.12uM and the concentration of R51 

25 was O.OOeSuM. Reaction was for 60 minutes under standard conditions. The catalytic RNA was unlabelled. 
Figure 11C . No effect on activity was seen when base A49 in the substrate was changed to a "C" (S17- 
{A->C)). The concentration of substrate RNA S17(A->C) used was O.OSuM and the concentration of R51 
was O.OOaSuM. Reaction was for 60 minutes under standard conditions, the catalytic RNA was unlabelled. 
Figure 12. Different target RNA sequences can be used as long as the base pairing is maintained with 

3Q the catalytic RNA, The C:G base pair predicted by the "hairpin" model of the catalytic complex of (- 
)sTRSV. Rgure 1. was changed to a Q:C base pair (circled) and activity was maintained. In this experiment 
the usual substrate S17 was not used; instead a new substrate was used with the exact same sequence 
except the first two vector bases GC were eliminated. The resulting sequence of this new substrate SI 5 
was gUGACAGUCCUGUUU. The substrate containing the C50->G50 base change was S15(C->G) and the 

3S catalytic RNA with the G214->C214 base change was R51(G->C). The reac tions were njn under standard 
conditions for 60 min at [R51] = 0.07ul^, [S151^0.12ulVI. [Sl5(C->G)]=0.15uM, [R51(G->C)] =0.05uM. Lane 
t R5t/S15: Lane 2 R51(Q->C)/S16; Lane 3 SIS; Lane 4 R51(G->C)/S15(C->Q); Lane 5 S15(C->G). 

Figure 13. An RNA sequence found in tobacco mosaic virus (TMV) can be cleaved at a specific site. 
The substrate RNA shown is that beginning with nucleotide #538 in the tobacco mosaic virus sequence. 

40 The cataiytic RNA has been synthesi2ed to base pair with the TMV substrate RNA in the stem regions of 
the "hairpin" as shown by the circled base pairs. Reaction was for 20 min under standard conditions with a 
catalytic RNA concentration of 3nM and a substrate concentration of 0.06ul^. Lane 1 TMV substrate RNA 
only; Lane 2 TMV catalytic RNATMV substrate RNA. 

Figures 14A-C . The sequences of three substrate RNAs having sequences found in the messenger 

46 RNA for chloramphenicol acetyl transferase (CAT) are shown. They have 14-. 16- and 18-base long target 
sites* and the length of the 3' regions flani<ing the AGUC cleavage sequence is extended in substrates (B) 
and (C) as compared to substrate (A). Catalytic RNAs designed to base pair with the substrate RNAs in 
both the 3' and 5 regions flanking the cleavage sequence AGUC were synthesized. The open twxed bases 
are those which are different from those in tine native (-)sTRSV substrate RNA sequence shown in Rg. 1 . 

50 Figure 15. This figure shows the sequence of a substrate RNA having a sequence found in the region of 
the HIV-1 viral RNA which specifies the gag protein. A catalytic RNA was made whose sequence was 
designed so that the catalyst would base pair with the substrate RNA In both the 3' and 5 regions flani<ing 
the cleavage sequence. The open boxed bases are those which are different than those of the native (- 
)sTRSV sequence shown in Figure 1. The catalytic RNA cleaved the substrate RNA at the arrow. 

55 Figure 16. Shown is the sequence of a substrate RNA having the sequence found at the beginning of 
the coding region for the regulatory protein tat of the HIV-1 virus. A catalytic RNA was made which was 
designed so that it would base pair with the substrate RNA in both the 3' and s' regions flanking the UGUC 
catalytic cleavage sequence. The open boxes are bases which are different from those of the native (- 
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)sTRSV substrate sequence shown in Figure 1 . Cleavage occurred at the arrow as shown. 

Figure 17. Shown is the sequence of a substrate RNA having, four non-native bases (UUUU) added to 
the 3 end of the sequence of the native (-)sTRSV substrate RNA shown in Fig, 1. A corresponding catalytic 
RNA was mad© whose sequence was designed so it would base pair with the substrate in both the 3' and 
5 regions flanking the AGUC cleavage sequence. Cleavage rates with a constant catalytic RNA concentra- 
tion and various concentrations of substrate RNA were determined by cutting out the bands of the 
acrylamid© gels, counting the radioactivity and plotting the data using Michaelis-Menton procedures to 
calculate Km and kcat. 

Figure 18. Summary of the sequence requirements for the target region of substrate RNA. Only a GUC 
sequence is required for cleavage of the substrate as long as the short sequences of bases in the regions 
of the substrate flanking the cleavage sequence are substantially base paired with con-esponding regions of 
the RNA catalyst. The regions of base pairing are labeled Helix 1 and Helix 2 in the figure. Also, the regions 
of base pairing predicted by the "hairpin" model for (-)sTRSV to exist in the "hairpin" portion of the catalyst 
are labeled Helices 3 and 4. 

Figure 19. Confinmation of the existence of Helices 3 and 4 predicted by the "hairpin" model for (- 
)sTRSV RNA. A Q->C base mutation In base 35 (count bases from the 5 end of the catalytic RNA 
sequence shown) of the {-)sTRSV catalytic RNA sequence shown in Rg. 1 resulted in an RNA with no 
catalytic activity (Lanee 3 and 4 ("mismatch")). A double mutant, Q35->C; C27->G had restored catalytic 
activity (Lanes 5 and 8 ("substitute b.p.")). These two base changes are in the Helix 4 region whose 
existence is predicted by the "hairpin" model for (-)3TRSV. Also, a catalytic RNA having a single base 
change at position 47 (Q47->C) was Inactive (Lanes 9 and 10), while a double mutant with a second 
mutation C17->G. had restored activity (Lanes 11 and 12). These two base changes are in the Helix 3 
region whose existence is predicted by the "hairpin" model. The control (Lanes 1. 2. 7 and 8) is cleavage of 
the substrate RNA S17 haviftg the native (-)sTRSV sequence by catalytic RNA sequence R51 having the 
native sequence. 

Figure 20. The RNA sequence of a synthetic "hairpin" autocatalytic cassette is shown. The sequence 
shown in Rgure 20 is the same as that of the catalyst shown In Rgure 1 , but with additional s'bases added 
X to form a loop at the 5 end of the catalyst and to provide a substrate target sequence (i.e., a cleavage 
sequence and upstream and downstream flanking bases) which can bind to the substrate bindTng portion of 
the catalyst sequence. Such an RNA was prepared. When transcription was perfdnmed. the cassette 
autocatalytically cleaved at the expected site to give the appropriate 3'f and s'f products. 

Rgure 21. Shown are two base changes that were made in the native (-)sTRSV catalytic sequence 
shown in Rgure 1. The two bases changes were an "A" to "U" mutation at position 217 and a "Q" to "C 
mutation at position 216. Rgure 21 also shows the separation patterns on acrylamide gels of the reaction 
products obtained by reacting one of these catalysts or R51 (control) with substrate 817. Both base 
changes produced catalysts that were Inactive when the catalysts were reacted with substrate SI 7 under 
standard conditions for 15 minutes. 

Figure 22A shows a partial map of plasmid pHC-CAT containing the CAT gene linked to the "hairpin" 
autocatalytic cassette of the invention. Also shown is the expected RNA transcript of the illustrated region 
and the expected s' fragment of the autocatalytic cleavage. 

Figure 22B shows the result of Northern blot analysis of RNA produced by host ceils transformed with 

phC^CaTT 

description of the presently preferred embodiments 

An RNA catalyst has been identified comprising an RNA sequence which can be engineered to cut, 
with great precision, target RNAs having a cleavage sequence. In particular, the invention comprises certain 
synthetic RNA catalysts capable of cleaving an RNA substrate which contains the sequence 5'-Fi-CS-F2'3'. 
"Synthetic RNA catalyst," as used herein, means a catalyst which is not a naturally-occuring RNA catalyst, 
although "synthetic catalysts" may be truncated or altered versions of naturally-occuring catalysts. 
"Synthetic catalysts" include catalysts synthesized in vitro and catalysts synthesized in vivo. In particular, 
"synthetic catalysts" include catalysts produced by hosts transfomed by a vector comprising a sequence 
coding for the catalyst. 

RNA of any length and type may be used as the substrate as long as it contains the s'-Ft-CS-Fa-s' 
target sequence. In this formula, OS is the cleavage sequence (i.e., a sequence of bases containing the site 
at which the catalyst cleaves the substrate). OS is a short sequence of bases which does not base pair with 
the RNA catalyst, and 08 preferably has the sequence 5'-NGUC-3', wherein N is any base, and the 
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IndTll" "fr' l^^^^^" N and G to produce a fragment having an OH at the 5 end 

and a fragment having a 2 .3 cyclic phosphate at the 3 end. 

nr«f2h? r "^'^ '^•'"^^^^ and which do base pair with the RNA catalyst. F, is 

iT'TJn^ . T M 'l"^^' P^^'^^'^y ' "'^^^ P^s'^'^bly at least 3 

bases in length, most preferably 6 to 12 bases in length. ^ . 7 

,„h«?.!,t' '*"''^"''"°" """P'''^ ^ '''"'^'"9 P0^°" a "hairpin- portion. The 

substrate binding portion of the catalyst has the sequence- 

3F*-Li-F3.5' 

wherein, 

bJunVtoTe "bLale?'''' '"'^ '''''' ^"^^ "^^ ^^^^^^ 

InVtorStrl^' " '"''''"'^'^ '^^^ '''''' ""'"^ ^'^^ 

Mie sequences of F, and F* being selected so that each contains an adequate number of bases to achieve 

sufficient binding of the RNA substrate to the RNA catalyst so that cleavage of the substrate cX, t^e pS 

sutetr^"^"''^ '° '^'^^ •'""'"^ to 

As used herein, -substantially base paired" means that greater than 65% of the bases of the two RNA 
^Z^.H' ^"*?!"„"« base paired, and preferably greater than 75% of the bases are base paired. 

n!t SJrr 'T^^ ^'^"^^ '^^ °' °» 'he two sequences in question are 

not base paired, and preferably greater than 75% of the bases are not paired 

F3 is preferably at least 3 bases in length, most preferably from 6 to 12 bases In length F* Is 
preferably from 3 to 5 bases in length, most preferably 4 bases in length. L, is a short sequence of b^s 
which preferably has the sequence 5'-AGAA-3' when OS has the sequence s'-NGUC-s' 
.uhJ^mrJ a port"*" the catalyst which folds into a hairpin-like configuration when the 

substrate^atalyst complex is modeled in two dimensions for minimum eneigy folding. This Is shown in 

rS, *® base^aired. Indeed, it is preferable, perhaps necessary, for the "hairpin" 

portion to have at least one substantially unpaired region so that tiie catalyst can assume a tertiary strucSire 
that allows for better, or optimal, catalytic activity. auuuuiro 
The "hairpin" portion of the catalyst preferably has the sequence: 



^2 



wherein. 

^'^T ^'u^^u^ * sequence of bases, the sequences of Pi and P, being selected so that Pt and P* are 
substantially base paired: 

Pi is covaiently attached to Ft; 

Si and S2 each is a sequence of bases, the sequences of Si and S2 being selected so that St and & are 
substantially unpaired; 

P2 and P3 each is a sequence of bases, the sequences of P2 and P3 being selected so that P2 and P3 are 

substantially base paired; and 

L2 is a sequence of unpaired bases. 

"Substantially base paired" and "substantially unpaired" have the same meanings as discussed above 

AroA^^^ l!f^u P'^^^'^^'y fr*^'^,^ to 6 bases in length, and most preferably P, has the sequence s'- 
ACCAG-3 and P* has the sequence 5 -CUQGUA-3 . 

Anf^ o^"*^ V^*^^ preferably is from 4 to 7 bases in length, and most preferably S, has the sequence s'- 
AGAA-3 and S? has the sequence 5 -AUAUUAC-3 . 

ArA^ATt'^' T^^ preferably from 3 to 6 bases in length, and most preferably P2 has the sequence s'- 
ACACAC-3 and P3 has the sequence 5 -GUGGU-3 . 

Finally, U is preferably at least 3 bases in length and most preferably has the sequence 5'-GUU-3' 
Further. 5 -Si-P2-L2 preferably has the sequence s'-AGAAACACACGUU-s'. 
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The specific preferred sequences set fortfi above for Pi , P2, Si, etc.. are from the catalytic sequence of 
(-)sTRSV RNA. 

The most preferred catalyst contains the sequence: 
S'-Fa-Li -Fi-ACCAGAGAAACACACGUUGUGGUAUAUUACCUQQUA-3'. . 

and active variants thereof, wherein F3, Ft and Li are as defined above. As used herein "active variants" 
means catalysts which, although having substitutions, deletions and/or additions of bases as compared to 
the original sequence, are still capable of cleaving an RNA substrate. 

Another prefen-ed catalyst according to the invention is an autocataiytic catalyst containing the 
sequence: 




wherein, Fi, Fa, F3, F*. Lt, L2. Si.^Sa. Pi. P2, Pa and Pi are as defined above. Thus, the molecule contains 
a substrate portion (s'-Fi-CS-Fa-s') and a catalytic portion (S'-Fa-Li-Fi-Pi-Si-Pa-La-Pa-Sa-Pi-S') covalently 
linked together by L3 so as to produce a synthetic autocataiytic RNA catalyst. L3 is a sequence of unpaired 
bases, and L3 preferably has the sequence 3'-CCUCC«5'. 

After being transcribed, this catalyst will spontaneously undergo an Intramolecular autocataiytic 
cleavage at CS. The effect of this Intramolecular cleavage Is to autocatalyticaiiy tenminate any RNA 
transcdpt In which the sequence is inserted. 

The invention further provides an engineered ONA molecule and a vector comprising a ONA sequence 
coding for an RNA catalyst of tfie invention. Also provided are host ceils which have been transformed witii 
tiie vectors and which are capable of expressing the RNA substrate. Rnally, tfie invention provides a 
method of cleaving an RNA suiDstrate which contains tiie sequence s'-Ft-CS-Fa-s'. the method comprising 
contacting tiie substrate with a syntiietic RNA catalyst according to the invention. 

The invention is further described below witii particular reference to tiie catalytic properties of (')sTRSV 
and the structure of its catalytic complex, but tiie invention is not limited thereto. In addition to the particular 
catalytic sequences shown and described below, other RNA molecules* having catalytic activity to cleave an 
RNA substrate can be readily found by applying tiie principles set forth in this specification. 

For example, RNA sequences having the required structural features for cleaving an RNA substrate can 
be identified by applying the Wisconsin RNA Folding Program discussed above to (1) known sequences of 
molecules having catalytic or autocataiytic activity (especially molecules in which the actual location of the 
catalytic site is unknown). (2) randomly generated sequences having tiie proper pairing regions and lengtiis, 
and (3) randomly modified known catalytic sequences, while looking for known features of a catalytic 
molecule, such as tiie "hairpin" configuration of the catalytic complex when modeled in two dimensions. As 
a specific example, information regarding known autocataiytic cleavage sites can be used to find substrate 
binding sequences having tiie properties described above, such as having a substrate binding sequence 
adjacent a "hairpin** portion. Secondary features, such as tite two substantially paired regions in tiie 
"hairpin" portion, with an intermediate substantially unpaired region and an appropriate base loop can tiien 
be looked for. either by manual examination or with automated computer programs. In order of decreasing 
preference, the following features are considered important in selecting a catalytic sequence: (1) regions 
that can base pair (form helices) witii tiie regions of tiie substrate RNA molecule flanking the cleavage 
sequence; (2) an unpaired (loop) region opposite the cleavage sequence of ttie substrate RNA; (3) two 
substantially base paired regions in a "hairpin" structure near the cleavage sequence; (4) a substantially 
unpaired region between tiiese two substantially paired regions in the "hairpin" stmcture; and (5) a loop 
connecting the two strands of a substantially base paired region to complete the "hairpin" structure. 
Standard techniques of in vitro RNA synthesis can then be used to prepare actual molecules having tiie 
sequence tiiat gives the"predicted two-dimensional computer-generated structure for verification of activity 
and routine testing of variation to determine optimum sequence. 

The catalysts of the present invention were developed using a "hairpin" model or motif of RNA 
catalysis. According to this model, the catalytic complex, when modeled in two dimensions for minimum 
energy folding, assumes a "hairpin" configuration. This is shown in Rgure 1 for {-IsTRSV RNA. The 
catalytic complex is a complex of the minimum, or substantially the minimum, sequence of the catalyst 
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necessary for activity and the minimum, or substantially the minimum, target sequence of the substrate 
The "hairpin" configuration is not an absolute hairpin in the sense that not all the bases that make up this 
"hairpin" configuration are base-paired. Indeed, there are preferably regions of unpaired bases and of 
substantially unpaired bases as discussed in detail elsewhere in the present application. 

The -hairpin" model has proved very useful in designing new catalysts, but It is still only a computer 
model of the likely secondary structure of catalytic complexes involving catalysts according to the present 
invention. Also, it is ultimately the tertiary structure of RNA catalysts that determines their activity. For these 
reasons, all catalysts having the properties described herein are considered to come within the scope of the 
present invention, even if they do not form a "hairpin" configuration wlaen complexed with the substrate and 
even if they do not contain a "hairpin" portion. For instance, it may be possible to engineer a catalyst 
having the properties described herein which does not have a loop L2. Such a catalyst would be considered 
to be fully equivalent to the catalysts described and claimed herein. 

As described in Example 1, a catalytic complex was identified within the (-) strand of tobacco ringspot 
virus satellite RNA (sTRSV) when the molecule was folded using computer models to determine the 
minimum energy folding in two-dimensional space. The {-) strand is a 359 base long RNA of defined 
sequence and is known to have autocatalytic properties (Gerlach, W. L, Buzayan. J. W. Schneider I R 
and Bruening, Q. g. (1986) Virology . 151^: 172-185: Buzayan. J. M.. Qerlach. W. and Bn^enlng, Q (1988) 
N^. M3: 349-352). The (-) strand cleaves at a defined site (ApG) into a cleavage product having an OH 
at the 5 end and a 2 .3 cyclic phosphate at the 3 end. Up until the present time, however, litUe work had 
been done with the (-) strand to find the catalytic complex and to determine the minimum cleavage 
sequences .because it does not fit the consensus "hammerhead" model. 

In view of the above and the fact that the catalytic center would contain both the catalytic RNA 
sequence and the substrate (target) RNA sequence and by studying the results of Example 1. a 50 
nucleotide sequence between bases 175 and 224 was picked and a 14 nucleotide sequence between bases 
40 and 53 was picked. Using methodologies found in published procedures, a catalytic RNA having a 
satellite RNA base sequence Identical to the base sequence in naturally occurring (-)sTRSV between bases 
175 and 224 was transcribed from chemicaily synthesized DNA templates using T7 RNA polymerase as 
described in Example 2. An RNA substrate having a satellite RNA base sequence Identical to the base 
sequence in naturally occuning (.)3TRSV RNA between bases 40 and 53 was also prepared in the same 
manner. When the newly synthesized RNAs were mixed together under appropriate conditions as described 
in Example 3. the catalytic RNA cleaved the substrate RNA. As described In Example 4, the first RNA 
catalyst fitting the "hairpin" motif was discovered when the complex of the 50-base catalytic RNA and the 
14-base substrate RNA were modeled in two-dimensional space using computer modeling. 

The reaction of catalysts fitting the "hairpin" motif with an appropriate substrate proved to be an 
excellent catalytic reaction under physiological conditions. The reaction of the catalyst and substrate 
containing the sequences of (-)8TRSV shown in Rgure 1 gave a Km of 0.03uM (see Example 5). which is 
20 times smaller than that of the Km for a catalyst fitting the "hammerhead" model (Uhlenbeck. 0. C 
(1987) Nature 328: 596-600) and accounts for its ability to remove target RNA molecules to much lower 
levels (20 times tower) than that of catalysts fitting the "hammerhead" model, in addition, the kcat for the 
reaction Is 2.1/min at 37 C. which Is at least 6 times greater than that of a catalyst having the 
"hammerhead" configuration at the same temperature (see Example 5). These reaction parameters for a 
catalyst that fits the "hairpin- model can be further improved by increasing the amount of bass pairing 
between the substrate and catalyst (see Example 21 ). 

Catalytic cleavage of the substrate RNA occurs over a broad pH range, preferably 5.5 to 8.0. and in the 
presence of divalent ions such as Mg . e^ from MgCb, As would be expected for a base catalyzed 
reaction, the rate of reaction increased with increasing pH. The reaction rate also increased with increasing 
concentration of divalent cations as shown in Example 8. 

The reaction takes place at physiological temperatures, preferably 18* C to 45* C. with a temperature 
optimum at 37 C as described in Example 6. Temperatures above about 45' C inactivate the reaction. Also, 
the temperature optimum of the reaction is affected by the degree of base pairing between the substrate 
and catalyst (see Example 18). In particular, the length of the region of the catalyst that base pairs with the 
3 region of the substrate flanking the cleavage sequence can be varied so that an engineered catalyst 
reacting at a desired temperature can be obtained (see Example 18). 

The 50 base catalytic RNA. configured In the "hairpin" model in Fig. 1 is the minimal- sequence, or 
substantially the minimal sequence, of (•)sTRSV RNA necessary to achieve catalysis. When the 3' terminal 
A (base 175) or AU (bases 175 and 176) were removed, catalytic activity was deceased by 75% as shown 
in Example 10. The 5 end of the molecule cannot be substantially changed either without affecting catalytic 
activity because it is needed to provide base pairing with the substrate. It can be shortened by at most 
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about 3 bases (see Example 9). Experfments which removed bases 195-203 in the center of the catalytic 
RNA and llgated base 194 to base 204 produced an Inactive catalytic RNA as described In Example 11 
This shows that all or part of the region between bases 195-203 is essential for catalytic activity. An 
additional mutagenesis experiment to test the base requirement of the three A bases at positions 203 202 
and 201 was done. When these bases were changed to CGU. respectively, as described In Example 12 the 
resulting catalytic RNA was inactive. 

Base changes can be made in the two base paired regions of the "hairpin" portion of the catalytic RNA 
as long as substantial base pairing is maintained. This is shown In Example 22 where base changes that 
destroyed base pairing in these two regions resulted in inactive catalysts. When a second base change was 
made which restored base pairing, the catalytic activity was also restored (see Figure 19). 

Base changes can also be made in the two regions of the catalytic RNA that base pair with the 
substrate, as long as substantial base pairing with the substrate in the regions flanlting the cleavage 
sequence Is maintained and base pairing with the cleavage sequence is avoided as shown in Examples 9 
and 16-21. It is this feature that gives the RNA catalyst flexibility to be engineered to cut a specific target 
RNA substrate having a cleavage sequence such as NQUC. This is illustrated in Example 16 where the 
catalytic RNA was engineered by changing base 214 from a Q to a C resulting In a catalytic RNA which 
failed to react with the substrate RNA developed from natural WsTRSV RNA. Activity was restored 
however, when the substrate RNA was changed so that it could base pair with the subject engineered 
catalytic RNA. Also see Examples 9 and 1 7-21 . 

The WsTRSV catalytic RNA sequence has an s'-AGAA-s' sequence opposite the AQUC cleavage 
sequence of the substrate. As shown in Example 24. at ledst part of this AQAA sequence seems to be 
invanant. in particular, the base at position 217 In the AGAA loop was changed from a G to a C and the 
base at position 216 was changed from A to U (see Rgure 21). As reported In Example 24. these changes 
destroyed the activity of the catalyst 

The target RNA substrate of the "hairpin- catalytic complex shown in Rg. 1 has an AGUC cleavage 
loop which does not base pair to the catalytic RNA in two-dimensional space. As shown In Examples 13-15, 
•"A" in the the AGUC cleavage sequence can be changed to any other base without effecting the ability of 
the RNA catalyst to cleave the substrate. Example 25 shows that the QUC sequence la conserved. Thus, 
the only sequence requirement for the cleavage sequence of the substrate RNA is QUC. 

The cleavage sequence has four flanking bases at its.s' end and six at its 3' end which base pair wHh 
the catalytic RNA. As described above, the bases in the flanking regions can be changed without affecting 
the ability of the catalytic RNA to cleave the substrate as long as sufficient base pairing with the catalyst is 
maintained in the flanking regions. This would be ex pected to work on longer RNA substrate sequences of 
any length as long as these criteria are met Indeed, lengthening the 3'region of the substrate that base 
3s pairs wUh the catalyst has been found to provide a more efficient catalytic reaction. See Examples 18 and 
21. However, a smaller 10 base substrate having three flanking bases at its 5 end and three flanking bases 
at Its 3 end did not woric as well as the 14-base substrate, as described in Example 9. 

. Using the "hairpin" model as a guide. RNA catalysts can be engineered that base pair with an RNA 
substrate and mediate a cleavage In the cleavage sequence. In particular, catalytic RNA can be engineered 
> that will cleave any RNA substrate having a cleavage sequence, such as NQUC. and flanking regions with 
which the catalyst base pairs, so that the catalytic RNA and RNA substrate form a catalytic complex In a 
"hairpin" motif. To do this, the bases flanking the cleavage sequence must be identified and the catalytic 
RNA engineered so that It does not pair in two-dimensional space with the cleavage sequence but does pair 
witti adequate numbers of flanking bases upstream and downstream of the cleavage sequence. 

As shown in Examples 17-20. catalytic RNAs according to the Invention can cleave specific viral and 
messenger RNA sequences, in Example 15. tobacco mosaic vinjs (TMV) RNA containing the 5 coding 
region of the replicase gene was targeted for specific cleavage by an appropriately engineered catalytic 
RNA. The target sequence contained changes in 8 of the 14 bases of the substrate RNA having a base 
sequence found within the catalytic complex of (•)sTRSV RNA and was cleaved by the engineered RNA 
catalyst under conditions near physiological. Catalytic RNAs were also designed and synthesized using the 
"hairpin" model as a guide which could cleave sequences from messenger RNA coding for chloram- 
phenicol acetyl transferase (Example 18) and from HIV-1 viral RNA coding for the gag and the tat proteins 
(Examples 19 and 20). 

These examples demonstrate that the system can be used to specifically cleave an RNA sequence for 
which an appropriately engineered catalytic RNA base pairs at the designated flanking regions. Suitable 
target RNA substrates include viral, messenger, transfer, ribosomal. nuclear, organellar, other cellular RNA. 
or any other natural RNA having a cleavage sequence, as well as RNAs which have been engineered to 
contain an appropriate cleavage sequence. 
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Catalysts that fit the "hairpin" catalytic RNA model are expected to be useful In vivo in prokaryotes or 
eukaryotes of plant or animal origin for controlling viral Infections or for regulating thl impression of specific 
genes. In this case, a cleavage sequence such as NGUC in the virus or complementary to NQUC In the 
gene would need to be identified along with the flanking sequences immediately upstream and downstream 
of tne cleavage sequence. Normally three to four bases on the s' side of the cleavage sequence and 
enough bases in the order of 6 to 12 on the 3 side to provide adequate binding of the catalytic RNA and to 
provide reasonable certainty that the target RNA sequence is unique in the organism are all that is required 
A catalytic RNA is then engineered which does not base pair with the cleavage sequence and which 
does base pair to the flanking regions on the 5 and 3 side of the cleavage sequence. A ONA template 
corresponding to this catalytic RNA is then synthesized using procedures that are well-known in the art 
Such procedures Include the phosphoramidite method. 

The Invention also includes an engineered DNA molecule and a vector comprising a sequence coding 
for the desired RNA catalyst. The vector will have the DNA sequence coding for the desired catalytic RNA 
operatively linked to appropriate expression control sequences. Methods of effecting this operative linking 
either before or after the DNA coding for the catalyst is inserted into the vector, are well known. Expression 
control sequences include promoters, activators, enhancers, operators, stop signals, cap signals 
polyadenylation signals, and other signals involved with the control of transcription. 

The vector must contain a promoter and a transcription termination signal, both operatively linked to the 
synlhetc DNA sequence, i^.. the promoter is upstream of the synthetic DNA sequence and the termination 
signal is downstream from it. The promoter may be any DNA sequence that shows transcriptional activity In 
the host cell and may be derived from genes encoding homologous or heterologous proteins and either 
extracellular or intracellular proteins, such as amylase, glycoamylases, proteases, lipases, cellulases. and 
glycolytic enzymes. Also, a promoter recognized by T7 RNA polymerase may be used if the host is also 
engineered to contain the gene coding for T7 RNA polymerase. 

The promoter may contain upstream or downstream activator and enhancer sequences. An operator 
sequence may also be Included downstream of the promoter, if desired. 

Expression control sequences suitable for use in the Invention are well known. They include those of 
the E. coh lac system, the E. coll frp system, the TAG system and the TRC system; the major operator and 
promoter regions of bacteriophage lambda; the control region of fllam^s single-stranded DNA phages: 
the expression control sequences of other bacteria; promoters derived from genes coding for Sac- 
charomyces cerevisiae TPI. ADH, PGK and alpha-factor; promoters derived from genes coding fofl^ 
^P^^Q'""^ ■'■^ amylase and A. niger glycoamylase, neutral alpha-amylase arid acid stable alpha- 
amylase: promoters derived from genes coding for Rhizomucor miehel aspartic proteinase and lipase- 
mouse mammary tumor promoter; SV40 promoter: the actin prol^^oteF^ and other sequences known to 
control the expression of genes of prokaryotic cells, eukaryotic cells, their viruses, or combinations thereof. 

The vector must also contain one or more replication systems which allow It to replicate In the host 
cells. In particular, when the host is a yeast, the vector should contain the yeast 2u replication aenes REP1- 
3 and origin of replication. 

The vector should further Include one or more restriction enzyme sites for Inserting the DNA template 
sequences into the vector, and preferably contains a DNA sequence coding for a selectable or identifiable 
phenotypic trait which is manifested when the vector is present in the host cell ("a selection marker") 

Suitable vectors for use in the invention are well known. They include retroviral vectors, vaccinia 
vectors. pUC {such as pUC8 and pUC4K). pBR (such as pBR322 and pBR328). pUR (such as pUR288) 
phage lambda, YEp (such as YEp24) plasmids. and derivatives of these vectors. 

The resulting vector having the synthetic ONA sequence Uiat codes for the RNA catalyst is used to 
transform an appropriate host. This transfomiaMon may be performed using methods well known In the art. 

Any of a large number of available and well-known host cells may be used in the practice of this 
invention. The selection of a particular host is dependent upon a number of factors recognized by Uie art 
These include, for example, compatibility with the chosen expression vector, toxicity to it of the catalytic 
RNA encoded for by the synttietic DNA sequence, rate of trans formation, expression characteristics bio- 
safety and costs. A balance of these factors must be struck witti the understanding that not all hosts may be 
equally effective for the expression of a particular catalytic RNA. 

Within these general guidelines, useful hosts include bacteria (such as E. coll sp.), yeast (such as 
Saccharomyces sp.) and other fungi, insects, plants, animals (including human)ror'other hosts known in the 
art. 

As an example of the general genetic engineering techniques that are possible, mammalian vectors can 
be used to deliver DNA coding for the catalytic RNAs of the invention to animal cells. These vectors should 
have a suitable ONA replication signal, such as from SV40, a promoter which may or may not be Inducible 
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such as the mouse mammary tumor promoter (which is induced by dexamethasone) or the noninducible 
SV40 promoter. A multiple cloning site is located after the promoter, and the DNA coding for the 
engineered catalytic RNA is inserted into this multiple cloning site using standard techniques. If necessary a 
suitable terminator is inserted. The resulting vector Is then put into cells using standard techniques such as 
direct injection into the nucleus, electroporation. or other well-known transfomiatidn techniques. Once the 
vector Is in the cell, the catalytic RNA is expressed directly when noninducible promoters are used, or after 
addition of the inducer when inducible promoters are used. 

Similarly, plant vectors, such as the Ti plasmid or micro-Ti plasmids. can be used to deliver DNA 
coding for a desired catalytic RNA to plant ceils. Jhe Ti plasmids and mlcro-TI plasmids may be used as 
such to transform plant protoplasts using known techniques or may be inserted into Agrobacterium 
tumefaclens which is then used to transform plant tissue. Once the plas mid Is In the cell, the catalytic RNA 
will be expressed. 

Once transformed, a host cell can express (transcribe) the RNA catalyst. When the DNA coding for the 
catalyst is transcribed, it produces catalytic RNA which will attack and cleave the target RNA sequence or 
sequences for which it has been designed, inactivating the RNA. If the RNA Is necessary for the life cycle 
of a virus, the virus will be eliminated and if the RNA Is the product of a specific gene, the expression of 
that gene will thus be regulated. The catalytic RNA can be designed to work in prokaryotes and within the 
nucleus (without pclyA tail) or in the cytoplasm of a eukaryoMc ceil (with polyadenylation signals in place) 
for plants and animals. 

Another potentlai method of using the catalytic RNAs of the invention is to prepare stable synthetic 
derivatives of RNA catalysts designed to bind and cleave a specific target RNA and to deliver the modified 
catalysts directly to the cell or organism of choice. For example, standard methods are available for making 
phoshporothloate derivatives of DNA which have been shown to be very stable in vivo and to be able to 
bind to a specific DNA or RNA target in vivo (antlsense method), A modification of these procedures can be 
used to prepare a catalytically active derivative of RNA catalysts prepared according to the invention. This 
would entail determining which ribonucleotide regions can be altered and then altering them with deoxy, 
phophorothio. or other modifications which confer stability but do not destroy catalytic activity. This 
chemically modified catalytic RNA (which may or may not have any remaining RNA bonds) can then be 
injected or otherwise delivered to an organism to control viruses or gene expression. For instance, one of 
the catalytic RNAs whose preparation is described in Examples 19-20 having specificity for sequences 
found within the RNA of the HlV-1 virus that causes AIDS could be chemically modified as described, 
encapsulated in a liposome coated with monoclonal antibody directed to the CD4 receptors found on cells 
susceptible to HiV-1, and injected into a host animal. 

The "hairpin" catalytic RNA model of the present invention may also be of possible interest to 
molecular biologists in exploring the genetic blue-prints of plants and animals. This would be done by 
sending randomly constructed DNA reverse transcripts of catalytic RNA into the DNA of the organism and 
waiting to see which gene or genes were inactivated. Other techniques could be applied to determine where 
those genes resided on the organism's chromosomes, thereby greatly accelerating gene mapping. 

Rnaily. a synthetic autocatalytic RNA catalyst has been developed. The synthesis of one such catalyst 
based on the (^sTRSV RNA catalytic and substrate sequences is described in Example 23. The use of 
such autocatalytic catalysts allows for the efficient autocatalytic temnination of any RNA transcript in which it 
is inserted. 



EXAMPLES 



The following examples illustrate the invention. 



Example 1 



The (-) sense sequence of satellite RNA from the budblight strain of tobacco ringspot virus as shown in 
Rg. 2 was folded using the Wisconsin RNA folding program to identify the location of a possible catalytic 
complex accounting for its ability to self cleave (University of Wisconsin Genetics Computer Group, 
Program FOLD 5/6/86) (Zucker, M. and Sliegler. P, (1981) Nucleic Acids Res. . 9: 133-148; Devereux, J., 
Haeberli. P. and Smithies, 0. (1984) Nucleic Acids Res. . 12: 387-395). Base numbers correspond to ( + )- 
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fJ^^'loT.tf't^l^"' 8- Keese. P. and Gould. A. R. (1986) Virology 

S^bT ""'""^''''^ '"^ ^'^ °' "'Olecule Is with decreas.'Si^e 

The minimum catalytic complex, or active site of the molecule, is identified in Figure 2. The folding 
Identified regions of expected base pairing which are in classical double-helical or stem regions. The folding 
also Identified expected non-base pairing loops at or near the site of cleavage. This model does not 
preclude higher order interactions occurring between non-adjacent portions of the catalytic center. 

Example 2 



A 50 nucleotide sequence between bases 175 and 224 was picked and a 14 nucleotide sequence 
bet/veen bases 40 and 53 was picked from the catalytic complex identified in Example 1. A catalytic RNA 
(R51) with the 50 base sequence shown in Rg. 1 plus on© additional vector base (Q at the s' end) and a 
substrate RNA (SIT) with the 14 base sequence shown in Rg. i plus three vector bases (QCQ at the 5 
end) were transcribed using T7 RNA polymerase from synthetic DNA templates double stranded at the 
oiiT^*"' ° ^- Uhlenbeck. 0. C. (1887) Nuc. Acids Res.. 

^: 8783-8798). The Synthetic DNA templates were made using phosphoramidite chemistfrHFilSrApSnid 
Biosystems 381 A DNA synthesizer. The template DNAs were: catalytic RNA R51: 3 ATTATGCTGA- 
'fl^,^J^'^^^'^^'^^'^^^^^^^'^(^'^^^<^TQ7GC^^ 5 and substrate 

RNA S17: 3 ATTATQCTGAGTGATATCQCACTQTCAGQACAAA 5. 

Before transcription, a lamer or IBmer DNA complement to the promoter for T7 RNA polymerase on 
the noncoding strand was hybridized by heating an equimolar amount of template DNA with promoter 
complement to 65 C for 3 min. then plaang in ice. A typical transcription reaction used 8ng/ul DNA 
template 0-5mM each NTP. 2miW spermidine. 40mM Tris pH 7.5. 4% polyethylene glycol 6.000. 6mM 
MgCk, 4mM NaCl. lOmM dithlothreitol. 0.01% Triton X-IOO. 2.4 units/ul RNasin. 1.8uCi/ul P« CTP and 3 
units/ul T7 RNA polymerase (US Biochemical) and was run at 37" C for 90 min. 

, , ^",12,^?^.!^®*=^'^'^ isolated on 7M urea. 15-20% acrylamide gels, bands cut out and 

M^S! M sequenced using standard methods (Donls-Keller. H.. Maxam, A. M. and Gilbert, W. 

C^980) Nucleic Adds Res.. 4: 2527-2538); a method which also gave the s' temiinai base. Terminal bases 
at the 3 end were detennined by ligation of the RNA to 5 P^s pCp using T4 RNA iigase (BRL methods 
manual) nuclease T2 digestion, and separation of labelled bases by PEI thin layer chromatography in 0.3M 
UCI with appropnate standards. All RNA sequences corresponded to that expected from the DNA template. 

Example 3 

The catalytic RNA R51 was added to the stjbstrate RNA Si 7 at a ratio of 1:30 and the time course of 
substrate RNA cleavage was studied. The reaction was carried out at 37*0 in 12mM IWgCla. 40mH/1 Tris pH 
7.5 and 2mM spennidlne over a time period of 150 min and is summarized as follows: 

5'gcgUGACAGUCCUCUUU 3' gcgUGUCA * GUCCUGUUU 

^ ' (5'F) (3'F) 

The reaction products were separated on poly-acrylamide/urea gels by electrophoresis and bands cut 
out and counted in a liquid scintillation counter. The results are shown in Rg. 3. The time periods analyzed 
were: lane 1, 30 sec: lane 2. 5 min; lane 3, 15 min; lane 4. 30 min; lane 5. 60 min; lane 8. 90 min and lane 
7, 150 min. Beginning concentrations were as follows: R51 =0.0032uM and S17 = 0.09uM. 

As shown in Rg. 3. the cleavage proceeds to virtual completion during the course of the reaction with 
only 2% of the substrate remaining after 150 minutes. This shows that, since there was originally 30 ttmes 
as much substrate RNA as catalytic RNA, the RNA catalyst R51 of necessity interacts with multiple 
substrate molecules during the course of the reaction. In addition, the amount of catalyst remained the 
same and was unaltered, indicating that R51 Is truly a catalytic entity. 
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Example 4 



After the RNA catalyst had been shown to be effective in cleaving the RNA substrate as described in 
5 Example 3, minimum energy folding of the 50 base sequence shown in Fig. 1. complexed with the 14 base 
sequence was done using the computer methods described in Example 1. The folded complex forms a 
"hairpin" model or motif as shown in Fig. 1 with the substrate HNA sequence and the catalytic RNA 
sequence identified. The arrow is at the site of cleavage. 

w 

Example 5 



Various concentrations of substrate SI 7 were used at constant concentration of catalyst R5l and Initial 
/5 velocities of each reaction determined. The reaction was candied out at 37* C iri l2mM MgCIs, 40mM Tris 
pH 7.5 and 2mM spenmldine. Concentrations were as follows: R51 aO.0OO4uM and Sl7=0.125oM (lane 1). 
0,0e24uM (lane 2). 0.041 7uM (lane 3). 0.031 uM (lane 4), 0,021 uM {lane 5). 0.01 SeuM (lane 6), 0.0078uM 
(lane 7) and 0.0039uM (lane 8). Each reaction was analyzed on polyacrylamide gels as described in 
Example 3 with the results shown In Fig. 4. An Eadie Hofstee plot of catalytic RNA R51 cleavage of 
20 substrate RNA SI 7 Is shown in Rg, 4. The reaction proceeded according to the predictions of the 
Mlchaells-Menten equation Indicating that it was a truly enzymatic reaction in that as the concentration of 
the substrate goes down, the velocity of the reaction goes down. From the velocity of the reaction plotted 
as a function of substrate concentration, the Km calculated from the graph was O.OSuM and the Iccat 
(turnover number) was 2.1/mln. This Km is 20 times smaller than the "hannmerhead" catalysts (see 
25 Uhlenbeck, 0. C. (1987) Nature , 328 : 508-600) indicating that lower concentrations of substrate can be 
removed. The kcat is 6 times larger than that of catalysts fitting the "hammerhead" model at 3T>C (see 
Uhlenbeck, 0. C. (1987) Nature, 328: 598-600), meaning that the reaction is 6 times faster. 



30 Example 6 



The temperature dependence of the rate of cleavage of substrate RNA S17 fay catalytic RNA R51 was 
tested over a temperature range and the reaction products analyzed on polyacrylamide gels as described in 

36 Example 3 with the results shown in Fig. 5. The reaction was carried out in 12nr^M MgCla. 40mM Tris pH 
7.5^ and 2mlVI spermidine at 45*'C (lane 6), 41 ' C (lane 5), 37* C (lane 4), 33' C (lane 3), 27' C (lane 2) and 
20* C (lane 1). The concentrations used were: R51 «0.0016uM and S17 = 0.04uiy4. R51 was unlabeled. The 
velocities shown in the graph in Rgure 5 were calculated by the use of time points of 8 and 16 minutes. 
The separation patterns on the gel shown in Rgure 5 is for the 16-minute time point 

40 The reaction showed a temperature dependence similar to that which would be expected of a reaction 
involving base paired RNA molecules. The Anrhenius plot of the data shown in Fig. 5 gives a temperature 
optimum of 37 'C for the reaction. Higher temperatures reduce the reaction rate with a very rapid rate 
reduction above 41 * C consistent with a melting out of the catalytic RNA structure. At 50* C no reaction was 
detectable. The reaction rate at temperatures below 37' C showed a linear reciprocal temperature depen- 

45 dence consistent with a classical lowering of the energy of activation for the reaction. The slope of the line 
in the Arrhenius plot gave an energy of activation of 19 Kcal/mole which is close to that found for catalysts 
fitting the "hammerhead" cleavage mechanism (13.1 Kcal/mole) (Uhlenbeck, 0. C. (1987) Nature, 328: 596- 
600). 

50 

Example 7 



The rate of cleavage of a constant concentration of substrate RNA SI 7 at varying concentrations of 
55 catalytic RNA R61 was tested and the reaction products analyzed on polyacrylamide gels as described in 
Example 3 with the results shown in Rg. 6. The reaction was earned out at 37' C in 12mM f^gCls, 40mlVt 
Tris pH 7.5 and 2mM spermidine for 40 min (iane 1 and 2), 20 min (lane 3). 10 min (lane 4) and 5 min (lane 
5). The concentration of substrate was 0.t75ulVI. The results are plotted in Fig. 6 and show that at saturating 
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ro 



concentrations of substrate the reaction rate is linear with increasing RNA catalyst concentrations as one 
would expect for a true catalytic reaction. '^rauons as one 



Example 8 



r.. i^^fnc?*"* concentration and pH on the rate of cleavage of RNA substrate SI 7 by RNA 

catalyst R51 was determined as shown in the following table: 



75 



20 



26 



JO 



35 



40 



4S 



SO 



MgCl2(mM) 


tt/2(mln) 


0 


no detectable product 


4 


136 


6 


111 


8 


115 


10 


88 


12 


81 


15 


74 


20 


62 


pH 


ti/2(min) 


5.5 


330 


6.0 


120 


6.5 


67 


7.0 


48 


7.5 


42 


8.0 


38 



was oJS5'iM**^f™,:^^ substrate S17 concentration was 0.14uM and RNA catalyst R51 concentration 
was 0.0015UM. The reactions were at 37 C in 40mM Tris pH 7.S. In the pH studies, the substrate S17 

^^"nTJr- ^"^'^^ concentration was 0.0014uM. The eUJnf were a^ 

37 C in 40mM Tns for pH 7.0. 7.5. 8.0 and in 40inM Pipes for pH 5.5, 6 0 and 6 5 

fiHin?! 1*® PH are virtually identical with those of catalysts 

fitting the hammerhead" model. The reaction rate increases with increasing pH as one would exoect for a 

SL? /r'^-?f^ ""^u^lf '"^'^^^ '"^^ ^'^^^'^ RNA. Hence a 100 fold 

increase in [OH-] between pH 6.0 and 8.0 resulted in only a 3 fold increase in the reaction rate. 

Example 9 

mixed ^^^'^ ' -^-^'^ 

' GACA . 

(5'F) 



5'GACAGUCCUG 
(SIO) 



GUCCUG 
(3'F) 



The results of rate studies with substrate S10 comparable to those described with S17 in Example 5 

!>^rt?lt ;°"°^"llf t"^ ' '<cat=0.8/min. These results are shown in Fig. 7 and indicate that smaller 
substrates can be used, but not as efficiently. 



55 



Example 10 
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The 3' terminal base of the catalyst shown in the "hairpin'' model of the {-)sTRSV catalytic complex in 
Fig. 1 is at position 175. Two catalytic RNAs were prepared with exactly the same sequence as R51, except 
that one of them did not contain the 3' temninal ''A" base (position 175) and the other one did not' contain 
the 3 terminal "UA" sequence (positions 176 and 175). Synthesis of these catalytic RNAs. designated R50 
s and R49, respectively, was carried out as described in Example 2. R50 or R49 catalytic RNA was mixed 
with substrate RNA SI 7 under standard conditions of reaction and the products analyzed as described in 
Example 3. The results are given in Fig. 8 and show a 75% reduction in activity with either R50 or R49 as 
compared to the activity of catalytic RNA R51 having the 3' terminal "A" at position 175 and the 3' terminal 
"AU" at positions 175 and 176. 

TO 

Example 11 



15 An RNA with the same sequence as catalytic RNA R51 was prepared, except that bases 195-203 were 
omitted such that base 194 was in effect llgated to base 204. This RNA molecule was prepared as 
described in Example 2 from an appropriate ONA template contain Ing the complementary sequence. When 
this RNA was mixed with substrate RNA 317 as described in Example 3. no reaction occurred. These 
results show that major elements of the "hairpin" structure are required for RNA catalysis to occur and that 

20 removal of 9 bases (see Rg. 9) In the middle inactivates the catalytic RNA. 



Example 12 



An RNA with the same sequence as R51. except that the bases AAA at positions 203, 202 and 201 
were changed to CGU. respectively, was prepared as described In Example 2 using an appropriate DNA 
primer. When this potential RN/- -atalyst was mixed with substrate RNA S17 as described In Example 3. no 
reaction occunred. This shows a the integrity of one or ail of these bases (see Rg. 10) is required for 
30 catalytic activity. 



Example 13 



A substrate RNA with the base at position 49 in Rg. 1 changed from an "A" to a "G" was prepared as 
described in Example 2. When this substrate was reacted with the RNA catalyst R51. no difference in rate 
of reaction was seen between this substrate and the substrate containing the "A" at position 49 (see Rg. 
11 A). This shows that alterations can occur in the "A" base in the substrate RNA AGUC loop without 
40 affecting the ability of the catalytic RNA to cleave the substrate. 



Example 14 



Another substrate RNA identical to SI 7 but having "A" replaced by "U" in the AGUC loop was 
prepared as described in Example 2 (designated "S17(A->U)"). This substrate RNA, at a concentration of 
0,1 2uM, was reacted with the catalytic RNA RSI, at a concentration of O.OOBSulVI, under standard conditions 
as described In Example 3 for 60 minutes. The results are shown in Rgure 11 B where Lane 1 contains the 
50 products of the reaction of substrate RNA S17(A">U) with R51 catalytic RNA, No difference in the rate of 
reaction was seen between S17(A-->U) substrate RNA and substrate S17 containing the "A" base at 
position 49. 



55 • Example 15 



Another substrate RNA identical to Si 7 but having "A" replaced by "C" in the AGUC loop was 
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prepared as described in Example 2 (designated -S17(A-.>C)"). This substrate RNA. at a concentration of 
0.08ul\4. was reacted with the catalytic RNA R51. at a concentration of 0.0065ulVI, under standard conditions 
as described in Example 3 for 60 minutes. The results are shown in Figure 11C where Lane l contains the 
products of the reaction of S17(A->C) substrate RNA with R51 catalytic RNA. Again, no difference was 
seen in the rate of reaction using S17(A->C) as compared to Si 7 containing the "A" base at position 49 
The combined results of Examples 13-15 show that the base at position 49 In the cleavage sequence of the 
substrate may be any base. 



Example 16 

Base changes in the stem regions at the site of binding of the substrate RNA to the catalytic RNA in the 
"hairpin" configuration can be made as long as the base pairing Is maintained. The "C" base at position 50 
of the substrate was changed to a "Q" using the methods in Example 2. When this substrate RNA was 
reacted with the catalytic RNA R51. no cleavage of this substrate occurred. However, when a new catalytic 
RNA. containing a "C" at position 214. rather than the "G" found In R51, was synthesized according to the 
methods in Example 2 and added to this substrate, full cleavage was seen. The effect of the base change 
from -C- to "Q" in the substrate was to eliminate the base pairing at this position predicted by the "hairpin- 
model since now a "Q" would be across from a "G". However, when a "Q- to 'C" base change was made 
in the catalytic RNA, the base pairing was restored, but In a reverse manner, and the integrity of the helices 
in the stem regions where the substrate RNA binds to the catalytic RNA was thus consen/ed restorino 
catalytic activity (see Fig. 12). ^ 



Example 17 



An RNA sequence found within the sequence of tobacco mosaic virus was synthesized using the 
methods described in Example 2. This synthesized target RNA had the sequence s'gAAACAGUCCCCAAC 
3. A catalytic RNA was synthesized with the sequence s'QUUGQGAQAAQUUUACCAQAQAAACAC- 
ACGUUGUGQUAUAUUACCUGGUA3 selected so that base pairing between the substrate and the catalytic 
RNA IS maintained in the "hairpin" configuration (see Rg. 13). When these two RNAs were mixed under 
standard catalytic conditions as described in Example 3. the target was cleaved demonstrating that a 
sequence found within a native RNA can be cleaved. 



Example 18 



Three RNA sequences found within the sequence of the messenger RNA for the enzyme chloram- 
phenicol acetyl transferase (CAT) were sythesized using the methods described in Example 2. The 
synthesized substrate RNAs had the sequences (A) gUUUCAGUCAQUUGC; (8) gUUUCAQUCAGUUGCUC- 
and (C) gggUUUCAGUCAQUUQCUCAA (see Fig. 14). 

Note that the latter two sequences are extensions of the first sequence and that additional bases have 
been added to the 3 end in the region that the "hairpin" model predicts will base pair with the cataly tic 
RNA to form Helix 1 (see Figure 18). Also, subsfrate (C) had two additional Q vector bases as compared to 
substrates (A) and (B). The site of cleavage after the A in the AGUC cleavage sequence (see the arrow in 
Figure 14) of the substrates con-esponds to position 320 of the CAT gene using the number system found 
in the Tn9 sequence (Alton and Vapnak. Nature . 282. 864 (1979)). In Hgure 14, the open boxed bases are 
those which are different from those in the native (-)sTRSV substrate RNA sequence shown in Figure 1 

Catalytic RNAs corresponding to substrate RNAs (A). (B) and (C) were synthesized according to the 
methods described in Example 2. Their sequences were designed so that they would base pair with the 
substrate RNAs in both the 3 and s' regions flanking the AGUC cleavage sequence, in addition the 
catalytic RNAs designed to react with substrate RNAs (A) and (8) each contained the vector sequence QA 
at their 5 terminus, and the catalytic RNA designed to react with substrate RNA (C) contained the vector 
sequence GGG at its 5 terminus. Otherwise, the catalytic RNAs had the same sequence as the (-)sTRSV 
catalytic RNA sequence shown in Rgure 1 . 
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The various substrate and catalytic RNAs were reacted and the reaction products analyzed as 
described In Example 3. All reaction conditions were as described in Example 3, except for the following. 
For substrates (A) and (B), reaction conditions were: substrate RNA concentration = O.OSuM; catalytic RNA 
concentration = O.OOSuM; reaction run at 16' C; and reaction time of 20 minutes. For substrate (C>. the 
5 reaction conditions were the same as for (A) and (B), except that the reaction time was 40 minutes' and 
temperatures were 20* C, 25* C, 30* C and 37* C. 

Cleavage of all of the substrate RNAs occurred when they were mixed with the corresponding catalytic 
RNAs as is shown in Figure 14, demonstrating that catalytic RNAs according to the invention can be 
synthesized which cleave specific RNA sequences found within a messenger RNA. In addition, this example 
10 demonstrates that cleavage of substrate RNA can be obtained even thought the length of the region at the 
3 end of the substrate which base pairs with the catalyst (Le.. the portion that forms Helix 1 with the 
substrate according to the "hairpin" model) Is varied. Indeed, when the length of this region was extended 
to 10 bases in substrate (C). the reaction could then proceed at 37' C, whereas for substrates (A) and (B) 
having shorter sequences In this region, the reaction would proceed only at 16* C. 

76 

Example 19 



20 An RNA substrate conresponding to part of the sequence of HIV-1, the virus which causes AIDS, was 
synthesized as described in Example 2. The sequence of this substrate RNA Is shown in Figure 15. The 
arrow in Rgure 15 shows the cleavage site which corresponds to position 804 in the sequence of HIV-1 
strain SF2CQ (Sanchez-Pescador et ai.. Science . 227 . 484 (1985). The sequence shown is found In the 
region of the viral RNA which specifies the gag protein. The RNA substrate also had a QCQ 5' vector 

23 sequence. The open boxed bases in Rgure 15 are those which are different than those of the native (- 
)sTRSV substrate sequence shown In Rgure 1 . 

A catalytic RNA was synthesized according to the methods of Example 2. Its sequence was designed 
so that it would base pair with the substrate RNA in both the 3' and 5' regions fianl<ina the CGUC cleavage 
sequence, in addition, the catalytic RNA contained the vector sequence G6G at its 5 temiinus. Othenrtfise, 

30 the cataiy tic RNA had the same sequence as the (-)sTRSV catalytic RNA sequence shown in Rgure 1. 

The catalytic RNA and the substrate RNA were reacted and the reaction products were analyzed as 
described in Example 3. The reaction conditions were as set forth in Example 3. except that the following 
temperatures were used: 20 *C, 25*0. 30* C and 37*0. Also, the reaction was run for 60 minutes, except 
for 37 C which was run for 15 minutes, and the substrate RNA concentration was 50nM, and the catalytic 

OS RNA concentration was 5nM. 

The catalytic RNA cleaved the substrate at the expected position between the "0" and "G" in the 
CGUC cleavage sequence found in the loop between the two flanking stem regions. Thus, a specific 
sequence found in the HIV-1 viral RNA that codes for the gag protein can be cleaved. The reaction 
occun^ed with an RNA substrata having a 18-base target sequence which was longer than SI 7 in the region 
40 at the 3 end which base pairs with the catalyst (he., the portion that fomis Helix 1 with the catalytic RNA 
according to the "hairpin'' model). Also, the reaction occunred at physiological temperature of 37* 0, 



Example 20 

45 

A substrate RNA having a sequence found In the beginning of the coding region for the regulatory 
protein tat of HIV-1 virus was synthesized as described in Example 2. The substrate sequence is shown in 
Rgure 16. In addition to the HIV-derived sequence, the substrate RNA had a GOG S vector sequence. The 
50 open boxes are around bases which are different than those of the native (-) sTRSV substrate sequence 
shown in Rgure 1. 

A catalytic RNA having a sequence so that it would base pair with the substrate RNA in the two regions 
flanking the UGUC loop (Le.. the regions that forms Helices 1 and"2 with the catalytic RNA according to the 
"hairpin" model) was also synthesized as described in Example 2. Otherwise, the catalytic RNAs had the 
56 same sequence as the (-)sTRSV catalytic RNA sequence shown in Figure 1 , except that it had an additional 
5 G vector base. 

The substrate RNA and catalytic RNA were reacted and the reaction products were analyzed as 
described in Example 3. Reaction conditions were: 37*0; reaction times of zero and 15 minutes; the 
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concentration of substrate RNA was lOOnM; and the concentration of catalytic RNA was 20nM, 

Cleavage occurred as expected between tine "U" and the "G" in the UGUC cleavage sequence located 
between the two stenn regions of the substrate. The cleavage site is indicated by the arrow in Figure 16. 
This is position 5366 in the sequence of HIV clone hSc (Muesing et al., Nature , 313, 450 (1985). These 
results again confirm that a catalytic RNA designed according to the "hairpin" modefcan cleave a specific 
target sequence located in a naturally occuring RNA, in this case a key regulatory region (tat) of the HIV-1 
virus which causes AIDS. 



Exanf)ple 21 



Using the methods described in Example 2. a substrate RNA having four non-native bases (UUUU) 
added to the 3 end of the sequence of the native (-)sTRSV substrate shown in Figure 1 and a 
conresponding catalytic RNA designed to base-pair with the substrate RNA in the 3' and s' regions of the 
substrate flanking the cleavage sequence fljs,, the portions that fonm Helices 1 and 2 with the catalyst 
according to the "hairpin" model) were^ made. Thus, the substrate RNA contained a total of 18 bases, 
including a four-base extension of the 3' region that base pairs with the catalyst. The substrate RNA also 
had an additional QCG vector sequence at the s'end. The catalyst had the same sequence as the (-)sTRSV 
catalytic RNA sequence shown in Figure 1. except that it had four additional AAAA bases at the Send 
designed to base pair with the added UUUU bases of the substrate and had an additional "Q" vector base 
at the 5 temninus beyond the 18 base recognition site. 

The substrate and catalytic RNAs were reacted at standard conditions and the reaction products were 
analyzed as described in Examples 3 and 5. Catalytic RNA concentration was 0.00033uM. and substrate 
RNA concentration was O.luM {Une 1). COSuM (Lane 2). 0.033uM (Lane 3), 0.025uM (Lane 4), O.OieuM 
(Lane 5). 0.01 2uM (Lane 6), 0.008uM (Une 7), and 0.003uM (Une 8). The results are shown in Rgure 17. 
Cleavage rates at each concentration of substrate were determined by cutting out the bands, counting 
radioactivity in a liquid scintillation counter and plotting tiie data using Michaelis-Menton procedures to 
calculate Km and kcat (see Example 5). 

The data show tiiat an extension of tiie lengtii of the region of base pairing between the substrate and 
catalyst (i.e., those regions of tfie catalyst and substrate tiiat fonm Helix l according to the "hairpin" model) 
can improve tiie catalytic properties of tiie reaction. Cleavage of the 18-base RNA substrate occun-ed at tiie 
expected site, but at an increased rate as compared to tiie cleavage of Si 7 by R51. The kcat or turnover 
number of tiie reaction was 7/minute. This means tiiat each molecule of catalytic RNA cleaved 7 molecules 
of substrate RNA per minute during the reaction. The kcat for S17 cleavage by R51 was 2.1/mlnute. The 
Km of the reaction was the same as for SI 7 cleavage by R51 (30nM). This shows tiiat by optimizing the 
lengtii of tiie region of tiie catalyst tiiat base pairs to the sub strate in tiie 3' region flanking tiie cleavage 
sequence (Le.. by optimizing tiie lengtii of Helix 1 predicted by the "hairpin" model), tiie catalytic properties 
of tiie native reaction can be improved. 



Example 22 



A series of catalytic RNAs were prepared using tiie methods described in Example 2 having certain 
base substitutions as compared to the native (-)sTRSV catalytic RNA sequence shown in Figure 1 . The 
substitutions, which are illustrated in Rpure 19, were the following: (1) At nucleotide 35, G was replaced by 
C (G35«>C) (count bases from tiie 5 end of the catalytic RNA sequence shown); (2) A double mutant, 
having tiie G at position 35 replaced by C and tiie C at position 27 replaced by G (G35">C; C27-->Q); (3) 
At nucleotide 47, G was replaced by C (G47-->C); and (4) A double mutant having the G at position 47 
replaced by C and the C at position 17 replaced by G (G47->C; C17">Q). All catalytic RNAs had an 
additional "G" vector base at their 5 end. 

The various catalytic RNAs were reacted with substrate 817 and the reaction products were analyzed 
as described in Example 3. The results are shown in Figure 19 where Lanes 1. 3, 5, 7. 9 and 11 are at zero 
time, and Lanes 2. 4. 6, 8. 10 and 12 are 15 minutes incubation under standard cleavage conditions (see 
Example 3). The concentration of catalytic RNA was 0.0065uM, and the concentration of substrate RNA was 
Q.l7uM. The temperature was 37* C. The control, lanes 1, 2, 7 and 8, was cleavage of ttie native substrate 
RNA 81 7 by catalytic RNA R51 which has the native (-)sTRSV sequence (see Figure 1 ). 
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As shown in Figure 19, the catalytic RNA G35">C had no catalytic activity (see Lanes 3 and 4 of 
Figure 19. where this catalytic RNA is designated "nnis match" since the base substitution at position at 
position 35 results in a loss of base pairing). The double nnutant catalytic RNA G35">C; C27">G showed 
restored catalytic activity (see Lanes 5 and 6 of Figure 19 where this catalytic RNA is designated 
"substitute b.p." since the net effect of the two base substitutions is to create a base pair, but a base pair 
different than the one found in the native (-) sTRSV catalytic RNA). The catalytic RNA G47-->C was also 
inactive (see Lanes 9 and 10 of Figure 19), while the double mutant, with the second mutation C17->G, 
showed restored activity (see Lanes 11 and 12 of Figure 19). 

The results of these mutagenesis studies provide confirmation for the existence of Helices 3 and 4 (see 
Figure 19) of the "hairpin" catalytic RNA nnodel proposed herein. The results show that when mutagensis 
was carried out which caused a base pair mismatch in the region of* proposed base pairing, the catalytic 
RNA was inactive. However, when a second mutation was carried out such that the base pair was restored, 
although the new base pair was different than the original base pair, catalytic activity was restored. Such 
results are considered evidence for the existence of a helix (Fox and Woese. Nature. 256. 505 (1975). 
These results also show that a variety of catalytic RNAs having sequences different from" the native (- 
)sTRSV sequence are catalytically active if they are designed so that they follow certain rules derived from 
the "hairpin" model, such as maintenance of substantfal base pairing In regions of predicted helices. 



Examples 23 



A synthetic "hairpin" autocatalytic cassette was prepared. The RNA sequence of the cassette is shown 
in Rgure 20. Several bases have been added at the s' end of the catalyst as compared to the native (- 
)sTRSV sequence shown in Rgure 1. The effect is to close the open end of the "hairpin" and to provide a 
substrate sequence (La, a cleavage sequence and upstream and downstream flanking regions) which can 
base pair with the substrate binding portion of the catalyst 

The cassette was prepared by making an .appropriate synthetic DNA template that would yield an RNA 
with the sequence shown In Figure 20 and using the- DNA template to transcribe RNA as described in 
Example 2, with the following differences. After synthesizing the DNA template, it was inserted into the 
vector pTZlSR (US Biochemical) Into which a new multlpte cloning site had been inserted. The new 
multiple cloning site was a construct containing sites, in 5'->3' order, for cleavage by the following 
enzymes: BamHI. Xhol, Apal. Sacll, Nas i. StuI, Kpnl, Mlul. The new multiple cloning site was inserted into 
vector pTZISR by cleaving the vector witii Bam HI and Sail and then ligating the multiple cloning site to the 
vector using T4 Ilgase. Located s' to the Inserted multiple cloning site is the T7 RNA polymerase promoter. 
The vector containing the multiple cloning site was digested with Mlul and Sail, and the DNA template 
coding for the autocatalytic cassette was ligated into the vector using T4 tigase. The resultant vector was 
then linearized witii Hindlll, and transcription canried out as described in Example 2. All restriction enzymes 
and tile T4 tigase were obtained from IBI and used according to manufacturer's instructions. 

After being transcribed, tiie cassette spontaneously undenvent an Intramolecular autocatalytic cleavage 
at the expected site to give the appropriate 3'F and SF products ^see Rgure 20). Note that the effect of this 
is to autocatalyticaJly terminate a transcript. For example, the 5 F Is in itself a transcript which has been 
terminated at its 3' end by the autocatalytic reaction. Further note that Uiis termination only leaves five 
essential bases at the 3' end of this s'f. These are UGACA which are boxed in Rgure 20. Thus, it is 
possible to very efficientiy terminate transcription with this autocatalytic cassette and leave only a very short 
3' end to tile transcript (I.e.. tiie 5' fragment of the autocatalytic cleavage). 



Example 24 



A catalytic RNA was prepared as described in Example 2. Its sequence was identical to that of R51, 
except that the base at position 217 in the AQAA loop was changed from a G to a C. The AGAA loop of the 
catalyst is opposite the cleavage sequence of the substrate when the substrate and catalyst are complexed 
(see Fig. 1) Another catalytic RNA was prepared as described in Example 2. Its sequence was also identical 
to R51, except that the base at position 216 was changed from A to U. 

These catalysts were reacted with the RNA substrate 817 under standard conditions as described in 
Example 3 at 37*0 for 0 to 15 minutes. The control was the reaction of substrate 317 with catalyst R51. 
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O/tiM"""""^"'"" °' *® ""^^^ ^"^ concentration of substrate RNA was 

The reaction products were analyzed as described in Example 3. and the results are shown in Figure 
21. where the first lane in each gel is zero time and the second lane is 15 minutes of reaction. As shown in 
Rgure 21. changes in either one of these two bases (G217.->C and A2ie~>U) In the loop opposite the 
cleavage sequence of the substrate destroyed the activity of the catalyst. These results indicate that these 
two bases are likely invariant In the native (OsTRSV catalytic sequence. 



Example 25 



IS 
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Substrate RNAs identical to S17. but with one of the bases at positions 48. 47 or 48 (i e bases GUC of 
ttie cleavage sequence) changed to a different base, were prepared as described in ST^pie 2 When 
ttiese substrates were reacted with the RNA catalyst R51 under standard conditions for 60 minutes as 
descnbed in Example 3. no cleavage of the substrate occurred. This shows conservation of the QUO 
sequence of the cleavage sequence of {-)sTRSV RNA. The results of these experiments combined with the 
results of Examples 13-15 show that the cleavage sequence of (-)sTRSV RNA Is NQUC. where N is anv 
base. ' 



Example 26 



25 The vector prepared in Example 23 (hereinafter referred to as -pHC") containing the "hairpin" 
autocatalytic cassette was tested for activity in vivo as follows. Rrst. the CAT gene was removed from 
plasmid pMAMNEO-CAT (purchased from Clontech Inc.) with Smal and Xhol. It was then ligated usinq T4 
ligase into pHC which has been cut with Smal and )Qno\ to produca'vactor'p(HC.CAT 

The original vector used in these constructions (pTZISR); see Example 23) contains an inducible 

m promoter (lacZ) and. as a result of the steps described in Example 23 and immediately above in this 
example the CAT gene and the "hairpin" autocatalytic cassette were placed In this inducible region (see 
Rgure 22A). Also, the CAT gene and "hairpin" autocatalytic cassette were linl<ad so that the expected 
franscript would be as shown in Rgure 22A (the 'CAT-cassette RNA"). Thus, the RNA sequence coded for 
by the "hairpm" autocatalytic cassette would be expected to sen/e as a chain terminator for the CAT 

35 transcript by cleaving at the indicated cleavage site (see Rgure 22A). The expected s' fragment of such a 
cleavage is also shown in Rgure 22A ("Cleaved CAT-cassette RNA"). 

Next, pHC was transfected into Eschericia coli strain JM109 with calcium chloride using standard 
procedures as described in Maniatis et al.. Molecular Cloning (1983). Transformed cells containing pHC- 
CAT were grown In LB broth at 37^ and then inducedWTmM isopropyl-beta-D-thlogalactoside (IPTG) 

a for one hour to allow expression of the lacZ region. Including the CAT gene-cassette RNA transcript. 

At t»ie end of this time. R|viA was isolated by incubating the cells In 50 mM Tris. pH 8.0. SOmM EDTA. 1 
mg/ml lysozyme at room temperature for 10 minutes to iyse the cells. The lysate was made to 0 5% 
sodium dodecyl sulfate (SDS). and then centrifugad to remove cell debris. Phenol was added to "the 
supernatant at a ratio of 1:1. and the supernatant was centrifuged to remove the precipitate. This procedure 

IS was repeated, and the resulting aqueous phase was treated with an equal volume of isopropanol at -20»C 
for 20 minutes to precipitate the RNA. The precipitate was collected by centrifugalion, dried and redlssolved 
in water. 

This isolated RNA was electrophoresed on 1.2% agarose gels conteining formaldehyde as described in 
Current Protocols In Molecular Biology (Greene 1989). After electrophoresis. Northem blots were carried out 

0 using published methods ( GeneScreen Plus . OuPont. July 1985). Two DNA probes were used for blotting 
the gels. The CAT probe was prepared by primer extension of the CAT gene using the Klenow fragment of 
DNA polymerase I and dATP labelled with alpha P^^. The "hairpin" autocatalytic cassette probe was 
prepared by kinasing the DNA complement to the enUre "hairpin" autocatalytic cassette RNA sequence 
shown in Rgure 20 with dATP labelled with gamma P*. The expected positions of binding of these probes 

5 to the CAT-cassette RNA and expected 5 fragment are shown In Rgure 22A. 

The results of the Northern blot test are shown in Rgure 22B. As shown there, when the CAT probe 
was used, the full length CAT-cassette RNA transcript and the expected s' fragment were detected on the 
gel, indicating that cleavage has taken place in vivo. 
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When the "hairpin" autocatalytic cassette probe was used, only the full length CAT-cassette RNA 
transcript was detected (see Figure 22B). The fact that the s' fragment did not hybridize with this probe was 
to be expected, since most of the "hairpin" autocatalytic cassette transcript would be in the 3 fragment 
after cleavage. The fact that the 3 fragment was not detected by Northern blot analysis is also not 

s surprising. The 5 terminus of the 3' fragment would contain a 5'-0H and not the 5 -ppp which is ordinarily 
seen in RNA transcripts. Thus, the 3' fragment would be expected to be very labile in vivo and was likely 
degraded immediately after the autocatalytic cleavage. 

The mobilities of the CAT-cassette RNA and the Cleaved CAT-cassette S fragment on the gel 
corresponded exactly to the predicted length of the transcripts. The standards run on the gel were E. coli 

10 163 and 233 RNA. 

As a control to determine if cleavage of the target RNA occurred during isolation of the RNAJntact, 
uncleaved "hairpin" autocatalytic RNA separated on an acrylamide gel as described in Example 23 was 
isolated from the gel using conditions similar to those described above (Ke.. no divalent cation, but in the 
presence of EDTA and SDS). Only intact, uncleaved RNA was obtained when the catalyst was re- 
's electrophoresed. 

As various changes could be made In the above-described products and methods without departing 
from the scope of the Invention, it Is Intended that all matter contained In the above description or shown in 
accompanying drawings shall be Interpreted as illustrative and shall not be Interpreted in a limiting sense. 

Claims 

1. A synthetic RNA catalyst capable of cleaving an RNA substrate which contains the sequence: 
5'-Fi-CS-F2-3'. 

25 wherein 

CS Is a cleavage sequence; and . 

Ft and each is a sequence of bases flanking the cleavage sequence: 

the catalyst comprising a substrate binding portion and a "hairpin" portion, the substrate binding portion of 
the catalyst having the sequence: 
30 s'-FvLi-Fa-s', 
wherein, 

F3 is a sequence of bases selected so that Fa is substantially base paired with Fa when the catalyst is 
bound to the substrate; 

Fi is a sequence of bases selected so that Fi is substantially base paired with Fi when the catalyst is 
35 bound to the substrate; 

the sequences of F3 and F* being selected so that each contains an adequate number of bases to achieve 
sufficient binding of the RNA substrate to the RNA catalyst so that cleavage of the substrate can tal(e place; 
and 

Li is a sequence of bases selected so that Li does not base pair with CS when the catalyst is bound to the 
40 substrate. 

2. An RNA catalyst according to Claim 1, the "hairpin" portion of the catalyst having the sequence: 
50 wherein. 

Pi and Pi each is a sequence of bases, the sequences of Pt and P* being selected so that Pi and P* are 
substantially base paired; 
Pi is covalently linked to F*; 

St and S2 each Is a sequence of bases, the sequences of Si and 82 being selected so that St and S2 are 
55 substantially unpaired; 

P2 and P3 each is a sequence of bases, the sequences of P2 and P3 being selected so that P2 and P3 are 

substantially base paired; and 

Lz is a sequence of unpaired bases. 
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3. An RNA catalyst according to Claim 1 or 2. which Is capable of cleaving an RNA substrate in which 

Sween N^and G^"" ^ '^^^^^ ' "^^'^'^ ^ " ^"^ ""^ '"""^''^'^ " ""^ "^^'^'y^* 

4. An RNA catalyst according to Claim 3 wherein Li has the sequence 3'-AAGA-5' 

5 5 An RNA catalyst according to Claim 1 or 2 wherein F, is at least 3 bases in length and F» is from 3 
o 5 bases in length, and the catalyst cleaves a substrate wherein F, and F, each is at least 3 bases in 

length. 

6. An RNA catalyst according to Claim 5 wherein F3 is from 6 to 12 bases In length and F* is 4 bases 
in ength. and the catalyst cleaves a substrate wherein F, Is 4 bases in length and Fj Is-from 6 to 12 bases 

10 in length. 

7. An RNA catalyst according to Claim 2 wherein P, and P* each is from 3 to 6 bases in length 

8. An RNA catalyst according to Claim 7 wherein P, has the sequence s'-ACCAQ-s' and P* has the 
sequence 5 -CUGGUA-3 . 

9. An RNA catalyst according to Claim 2 wherein S, and 82 each is from 4 to 7 bases in length 

10. An RNA catalyst according to Claim 9 wherein Si has the sequence s'-AGAA-a' and S. has the 
sequence 5 -AUAUUAC-3 . 

1 1 . An RNA catalyst according to Claim 2 wherein Pa and P3 each is from 3 to 8 bases in length 

12. An RNA catalyst according to Claim 11 wherein P, has the sequence s'-ACACAC-S' and P3 has the 
sequence 5 •GUGGU-3 . a >■«» mo 

13. An RNA catalyst according to Claim 2 wherein Lz Is at least 3 bases in length. 

14. An RNA catalyst according to Claim 13 wherein has the sequence 5'-QUU-3'. 

15. An RNA catalyst according to Claim 2 wherein s'-Si-Pi-U has the sequence s'aQAAACACACGUU- 

3 . 

16^ An RNA catalyst according to Claim 1 or 2 which is capable of cleaving an RNA substrate selected 
from the group consisting of messenger RNA. transfer RNA. ribosomal RNA. viral RNA. nuclear RNA 
organellar RNA and other cellular RNA. 

17. The catalyst of Claim 16 which is capable of cleaving an RNA substrate selected from the qrouD 
consisting of HlV-1 virus RNA and tobacco mosaic virus RNA. 

18. An RNA catalyst according to Claim 16 which is capable of cleaving messenger RNA coding for 
chloramphenicol acetyl transferase. 

19. An RNA catalyst according to Claim 2 containing the sequence: 



20 
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40 



wherein. 

Pi . F2. Fa. Fi, Li . La. Si . S2. Pi . Pa. Pg and Pi are as defined in Claims 1 and 2; and 
La^is a sequence of unpaired bases that covalently links the catalyst portion of the molecule with the 
substrate portion to produce a synthetic autocatalytic RNA catalyst. 
^ 20. An RNA catalyst according to Claim 19 wherein CS has the sequence s'-NQUC-s'. wherein N is 
any base, and the substrate is cleaved by the catalyst between N and Q, 

21 . An RNA catalyst according to Claim 20 wherein Li has the sequence s'-AAGA-s' 
^ 22. An RNA catalyst according to Claim 21 wherein s'-Pi-Si-Pa-La-Pa-Sa-P^-a' has the sequence 
5 -ACCAGAGAAACACACGUUGUGGUAUAUUACCUGGUA-3'. 
5^ 23. An RNA catalyst according to Claim 22 wherein L3 has the sequence 3'-CCUCC-5'. 

^ 24. A synthetic RNA catalyst which is capable of cleaving an RNA substrate containing the sequence: 
5 -Fi -CS-Fj-S , 

the catalyst containing the sequence: 

5'.F3-L.-Fi.ACCAGAGAAACACACGUUGUGGUAUAUUACCUGGUA.3'. 
55 and active variants thereof, 
wherein, 

CS is a cleavage sequence; 

Fi and F2 each is a sequence of bases flanking the cleavage sequence; 
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F3 is a sequence of bases selected so that F3 is substantially base paired with F2 when the catalyst is 
bound to the substrate; 

Fi is a sequence of bases selected so that F* is substantially base paired with Ft when the catalyst is 
bound to the substrate; 

5 the sequences of F3 and F4. being selected so that each contains an adequate number of bases to achieve 
sufficient binding of the RNA substrate to the RNA catalyst so that cleavage of the substrate can lake place; 
and 

Li is a sequence of bases selected so that Li does not base pair with CS when the catalyst is bound to the 
substrate. 

70 25. An RNA catalyst according to Claim 24 wherein F3 is at least 3 bases in length and F* is from 3 to 
5 bases in length, and the catalyst cleaves a substrate wherein Fi and Fa each is at least 3 bases in length. 

26, An RNA catalyst according to Claim 25 wherein F3 is from 6 to 12 bases in length and F4. is 4 
bases in length, and the catalyst cleaves a substrate wherein Fi is 4 bases in length and Fa is from 6 to 12 
bases in length. 

IS 27. An RNA catalyst according to Claim 24 which is capable of cleaving an RNA substrate in which CS 
has the sequence 5'-NQUC-3', wherein N is any base and the substrate is cleaved by the catalyst between 
N and Q. 

28. AN RNA catalyst according to Claim 27 wherein Li has the sequence 3'-AAGA-5'. 

29. An RNA catalyst according to Claim 24 which is capable of .cleaving an RNA substrate selected 
20 from the group consisting of messenger RNA, transfer RNA, ribosomal RNA. viral RNA. nuclear RNA. 

organellar PNA and other cellular RNA. 

30. An RNA catalyst according to Claim 29 which is capable of cleaving an RNA substrate selected 
from the group consisting of HlV-1 virus RNA and tobacco mosaic virus RNA. 

31. An RNA catalyst according to Claim 29 which is capable of cleaving messenger RNA coding for 
26 chloramphenicol acetyl transferase. 

32. An engineered DNA molecule coding for an RNA catalyst according to Claim 1 , 2, 1 9 or 24. 

33. A vector comprising a DNA sequence coding for an RNA catalyst according to Claim 1 , 2. 19 or 24, 
the DNA sequence being operatively linked to expression control sequences. 

34. The vector of Claim 33 which is capable of self-replication In a host. 

30 35, The vector of Claim 33 wherein the RNA catalyst encoded by the vector is capable of cleaving an 
RNA substrate selected from the group consisting of messenger RNA, transfer RNA, ribosomal RNA, viral 
RNA, nuclear RNA. organellar RNA and other cellular RNA, 

38. The vector of Claim 35 wherein the RNA catalyst encoded by the vector is capable of cleaving an 
RNA substrate selected from the group consisting of HlV-1 virus RNA and tobacco mosaic virus RNA. 
05 37. The vector of Claim 35 wherein the RNA catalyst encoded by the vector is capable of cleaving 
messenger RNA coding for chloramphenicol acetyl transferase. 

, 38. A host cell transformed with a vector according to Claim 33 and which is capable of expressing the 
RNA substrate. 

^ 39. A method of cleaving an RNA substrate which contains the sequence: 
40 5 Fi-CS-Fa-3'. 
wherein 

CS Is a cleavage sequence; and 

Fi and F2 each is a sequence of bases flanking the cleavage sequence; 

the method comprising contacting the suBstrate with a synthetic RNA catalyst comprising a substrate 
46 binding portion and a "hairpin" portion, the substrate binding portion of the catalyst having the sequence: 
3>^-Li-F3-5'. 
wherein. 

F3 is a sequence of bases selected so that F3 is substantially base paired with F2 when the catalyst is 
bound to the substrate; 

50 Fa is a sequence of bases selected so that F* is substantially base paired with Fi when the catalyst is 
bound to the substrate; 

the sequences of F3 and F* being selected so that each contains an adequate number of bases to achieve 
sufficient binding of the RNA substrate to the RNA catalyst so that cleavage of the substrate can take place; 
and 

55 Li is a sequence of bases selected so that Li does not base pair with CS when the catalyst is bound to the 
substrate. 

40, The method of Claim 39 wherein the "hairpin" portion of the catalyst has the sequence: 
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wherein, 

Pi and p4 each is a sequence of bases, the sequences of Pi and P* being selected so that Pi and P* are 
substantially base paired; 
Pt is covalently linked to F*; 

Si and S2 each is a sequence of bases, the sequences of Si and 82 being selected so that Si and S2 are 
substantially unpaired; 

Pz and Pg each is a sequence of bases, the sequences of P2 and P3 being selected so that P2 and P3 are 

substantially base paired; and 

L2 is a sequence of unpaired bases. 

^ 41, A method of cleaving an RNA substrate containing the sequence: 
5-F,-CS-F2-3'. 

comprising contacting the substrate with a synthetic RNA catalyst containing the sequence: 
5 -F3-L1 -F4-ACCAQAGAAACACACGUUQUGGUAUAUUACCUGGUA^3\ 
and active variants thereof, wherein, 
CS is a cleavage sequence; 

Fi and Fz each is a sequence of bases flankin^g the cleavage sequence; 

F3 is a sequence of bases selected so that F3 is substantially base paired with F2 when the catalyst is 
bound to the substrate; 

Fi is a sequence of bases selected so that F* is substantially base paired with Fi when the catalyst is 
bound to the substrate; 

the sequences of F3 and F* being selected so that each contains an adequate number of bases to achieve 
sufficient binding of the RNA substrate to the RNA catalyst so that cleavage of the substrate can take place; 
and 

Lt is a sequence of bases selected so that Li does not base pair with CS when the catalyst is bound to the 
substrate. 

42. The method of Claim 39, 40 or 41 wherein the cleavage occurs under physiological conditions. 

43. The method of Claim 42 wherein the cleavage occurs in vivo in a host cell which has been 
transformed with a vector comprising a DNA sequence coding foFthe RNA catalyst, the DNA sequence 
being operatively linked to expression control sequences. 
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® A synthetic RNA catalyst capable of cleaving an 
RNA substrate, the catalyst comprising a substrate 
binding portion and a "hairpin" portion. The inven- 
tion also provides an engineered DNA molecule and 
a vector, each comprising a DNA sequence coding 
for an RNA catalyst according to the invention. The 
invention further comprises host cells transformed 



with the vectors of the invention which are capable 
of expressing the RNA substrate. Rnally. the inven- 
tion provides a method of cleaving an RNA substrate 
which comprises contacting the substrate with a 
synthetic RNA catalyst according to the Invention. 
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